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Engineered nanomaterials (ENMs) are being discharged into the environment and to agricultural 
fields, with unknown impacts on crop species. This study focused on the bioaccumulation of 
engineered nanomaterials into crops and the associated impact on plant growth and plant uptake of 
secondary contaminant. Investigations into the interactions between nanomaterials and agricultural 
plants will provide a more developed understanding of nanomaterials implications in the environment; 
in addition, evaluations of the risks associated with plant-nanomaterials interactions will provide 
guidelines for safe use of nanomaterials in agriculture. 
In the screening study on phytotoxicity, carbon-based nanoparticles (NPs) including C60, 
MWCNTs, NH2-MWCNTs and COOH-MWCNTs, were significantly less phytotoxic to the seedlings 
of three crop species, compared to metal-based NPs (Ag, CuO, TiO2, ZnO, CeO2, SiO2, Al2O3). While 
CuO and ZnO NPs presented the highest growth inhibition, the toxicity of NPs was not distinguished 
from that of corresponding bulk particles (BPs) and ion controls. However, dissolved ions was only 
partially responsible for phytotoxicity of NPs. Thus, SiO2 and TiO2 NPs with negligible dissolution 
became the ideal materials to examine the particle-specific impact of NPs on plants.  
As a typical example of metal oxide-based NPs, TiO2 nanoparticles was further examined in rice 
(Oryza sativa L.) plants. Through a chronic TiO2 NP exposure with rice plants at 5 mg/L and 50 mg/L, 
TiO2 NPs were found to penetrate into the plant roots and result in Ti accumulation in aboveground 




exposure to TiO2 nanoparticles, the Ti concentration in rice plants decreased with substantial biomass 
increase and reached 9.2 mg Ti/kg and 650 mg Ti/kg per dry weight in leaves and roots, respectively. 
Meanwhile, plant growth performance was not affected until the 4th week when TiO2 NP-treated rice 
plants started to demonstrate enhanced vegetative growth, including increased total biomass, root 
biomass, and transpiration rates. At the end of first week, H2O2 overproduction with activated 
ascorbate peroxidase (APX) and catalase (CAT) activities was also observed; however, oxidatively 
induced DNA base damage was not observed. These results suggest that the long term effect of TiO2 
nanoparticles exposure on plant growth could not be foreseen through tests in seedling stages.  
While metal-based NPs resulted in metal accumulation, posing direct food safety risks, carbon-
based NPs were more concerned with their interactions with co-existing contaminants. The 
bioaccumulation and translocation of the pharmaceutical residue carbamazepine at 100 µg/L in collard 
greens (Brassica oleracea) was evaluated upon concurrent exposure to pristine or carboxyl-
functionalized multiwall carbon nanotubes (pCNTs or cCNTs) at 50 mg/L under hydroponic exposure 
(28 d) and at 0.5 mg/g in soil-grown conditions (42 d). Growth inhibition of B. oleracea was 
dependent on carbamazepine concentrations in hydroponics. The 50 mg/L pCNTs alone had no impact 
on plant growth and cCNTs alone in hydroponics increased total biomass by 25%. The pharmaceutical 
and CNTs had no impact on the growth of soil-grown plants. Without the presence of CNTs, both 
hydroponic and soil-grown B. oleracea substantially accumulated carbamazepine and carbamazepine 
demonstrated exceptional translocation potential. The co-exposure of carbon materials (pCNTs, 
cCNTs and activated carbon) significantly suppressed carbamazepine accumulation in both 
hydroponics and soil. In general, the adsorption capacity of carbon materials correlated with  the 
suppression of carbamazepine uptake under hydroponic and soil exposure. The results also suggested 
that functionalization of CNTs enhanced carbamazepine translocation potential in soil-grown B. 
oleracea and significantly affected nanomaterial\co-contaminant interactions comparing to its pristine 
analog. These findings show that the presence of CNTs in agricultural system may significantly affect 
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Nanotechnology has revolutionized many facets of modern society through extensive application 
in the fields of material science, energy, environmental remediation, agriculture and medicine. As this 
technology continues to expand, nano-scale materials will inevitably being discharged into the 
environment and have become emerging contaminants of concern. Importantly, the implications of 
nanotechnology for the environment and agriculture remain unclear; without this fundamental 
knowledge, development of regulations and guidelines for safe use of engineered nanomaterials will 
not be possible.  
The dramatic increase in worldwide production and application of ENMs is due to novel and 
useful material properties that become evident at the nanoscale. On the scale of nanometers, the 
relatively larger surface area of ENMs results in enhanced chemical/biological activity. In addition, 
quantum effects become significant with size reduction, subsequently changing particle optical, 
electrical, and magnetic behaviors. However, great variation exists among different ENMs, including 
size, shape, physical conformation, specific surface area, surface charge, and the presence of 
coatings/functionality (Hassellov et al. 2008; Parsons et al. 2010; Pan and Xing 2012). From the 
perspective of nano-biological interactions, the most attractive ENMs traits include a high degree of 
surface reactivity and a size-dependent ability to cross biological membranes. Because ENMs will be 
on the same scale as the key components of cells, including proteins, nucleic acids, lipids and cellular 
organelles, significant particle-cellular interactions (both positive and negative) can be anticipated 
(Fadeel et al. 2007; Auffan et al. 2009).  
The widespread presence of engineered nanomaterials in the environment will bring significant 
and unique challenges to food safety and security. The global production and application of ENMs 
make particle accumulation in soil and groundwater inevitable. Plant species exposed to ENMs over 
time may undergo morphological, physiological, genetic and epigenetic changes that may 
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subsequently affect crop growth, yield, or nutritional status. Furthermore, after ENM transfer from soil 
to the edible/reproductive organs of crops, particles may accumulate in the food chain with unknown 
consequences to humans and other sensitive receptors. As such, consumption of food products from 
contaminated soil presents an unknown risk to the public and environmental health.  
There are many studies reporting the results of ENM toxicity tests conducted on model organisms 
and aquatic species such as Arabidopsis thaliana (Liu et al. 2010; Wang et al. 2011; Zhang et al. 
2011; He et al. 2012). These studies and others provide evidence of both beneficial and detrimental 
effects on plants upon ENMs exposure. However, the literature is far too anemic to shed light on the 
interaction between edible terrestrial plants and ENM with regard to food safety and overall 
nanotechnology sustainability. Thus, it is necessary to develop an in-depth understanding of 1) uptake 
and bioaccumulation of ENMs in agricultural plants over time; 2) potential phytotoxicity induced 
from ENM exposure; and 3) the role of carbon-based nanomaterials in affecting crop uptake of other 
soil organic contaminants.   
  
1.2 Exposure scenarios 
1.2.1 ENMs in real environments.  
Although ENMs are ubiquitous in the environment, actual data measuring ENMs concentrations 
in various media is scarce (Klaine et al. 2008). Much of this is due to limited techniques for 
separation/extraction, characterization and quantitation of ENMs environmental samples. One group 
has predicted environmental ENMs concentrations through probabilistic material flow analysis 
(Mueller and Nowack 2008; Gottschalk et al. 2009; Gottschalk et al. 2013). As described in their 
work, the annual increase of ENMs in sludge amended EU or US soil was predicted to range from 1 
ng/kg for fullerenes to 89 µg/kg for nano-TiO2 (Gottschalk et al. 2009). However, the predicted data 
are highly variable due to the poorly defined model inputs such as production volume and flow 
coefficients. Although ENMs concentrations in soils were reported or predicted to be low, these 
materials will accumulate over time in soils and rates may vary in response to unknown parameters 
(Boxall et al. 2007; Gottschalk et al. 2009). Research about potential risks of these particles should be 
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completed before contamination or detrimental effects are observed. To achieve this goal, a solid data 
set of ENMs concentrations in environmental media is of critical importance. When ENMs are 
discharged into the environment, they can persist in air, water and soil similar to naturally occurring 
nanoparticles. Crop roots could be exposed to ENMs in soils and irrigation water while the leaves and 
stems will be in direct contact with atmospheric ENMs. Crop growth in contaminated soils is an 
obvious major avenue of exposure, and soils could be contaminated through various intentional or 
accidental ENMs releases. 
The main routes of entry for ENMs into agricultural fields include intentional application in 
agrichemicals to enhance crop protection, as well as through soil remediation efforts. Specific uses of 
ENMs in agrichemicals include incorporation into nanodevices as delivery system to specific target 
tissues, as additives in pesticides to increase solubility of active ingredients or to protect against 
premature active ingredient degradation (Gonzalez-Melendi et al. 2008; Baruah and Dutta 2009; Kah 
et al. 2013; Kumari and Yadav 2014). For example, farmers may use pesticides containing silver 
nanoparticles because of their capability to suppress the growth of harmful organisms (Bergeson 
2010). ENMs are also used to remediate contaminated soils; the most common example is nano-zero-
valent iron (nZVI). The large surface area and high surface reactivity of nano Fe particles have proven 
effective at transforming and detoxifying a wide variety of common contaminants, including 
chlorinated organic solvents, organochlorine pesticides, and PCBs (Zhang 2003).   
Accidental release or transport of ENMs from other media (water, air, soil amendments) into soil 
is also likely to occur. For instance, nano-CeO2 is added into commercial diesel fuel as combustion 
catalyst. A case study showed that cerium oxide concentrations were estimated to vary between 0.32 
and 1.12 μg/g at a distance of 26 m from the edge of highway, and between 0.28 and 0.98 μg/g for a 
distance 96 m away (Park et al. 2008). In addition, ENMs could be transported from water to soil. It 
was reported that conventional drinking water treatment can only remove 2–20%, 3–8%, and 48–99% 
of Ag, TiO2 and ZnO nanoparticles, respectively, and that nano-sized metals were still detectable in 
finished water (Chalew et al. 2013). Besides atmospheric deposition and ENMs persistence through 
water treatment, another important exposure pathway is through the application of biosolids on 
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agricultural soils. Within the US, more than 60% of biosolids produced each year are added to 
agricultural fields (Land 2002). ENMs released from biosolids may enter soils, subsequently 
interacting with crops and potentially affecting the quality, yield, and safety of food products.  
 
1.2.2 Laboratory designed exposure conditions.  
The long-term growth of crops in ENMs-contaminated soils is obviously the most 
environmentally relevant approach, but less complex systems (hydroponic, model media) under 
shorter exposure scenarios will be necessary to thoroughly characterize particle toxicity and 
accumulation mechanisms. For seed germination and seedling growth assays less than 7 days, ENMs 
exposure solutions are typically prepared in water (Lin and Xing 2007; Park et al. 2008; Cifuentes et 
al. 2010; Lopez-Moreno et al. 2010; Klancnik et al. 2011; Wang et al. 2011; Larue et al. 2012). For 
hydroponic seedling growth assays with exposure intervals exceeding 7 days, ENMs were more 
commonly suspended in nutrient media such as Hoagland’s solution (Stampoulis et al. 2009; 
Castiglione et al. 2011; Musante and White 2012; Wang et al. 2012). Homogeneous dispersions can be 
achieved by amendment with external surfactants or through the use of surface functionalized ENMs. 
For example, multi-wall carbon nanotubes (MWCNTs) and C70 fullerene were stabilized in natural 
organic matter (NOM, including humic acid) and gum Arabic solutions in the media (Lin et al. 2009; 
Stampoulis et al. 2009; Larue et al. 2012); metal-based ENMs such as Fe3O4, Au, Ag, Ni(OH)2 were 
coated with citrate, tannate, or polyvinylpyrrolidone (PVP) (Parsons et al. 2010; Wang et al. 2011; 
Judy et al. 2012; Larue et al. 2012; Lee et al. 2012). There are also reports using agar or semi-solid 
media such as Murashige and Skoog (MS) medium that may be amended with ENMs prior to 
solidification (Lee et al. 2008; Lee et al. 2012; Miralles et al. 2012; Yang et al. 2012; Yan et al. 2013). 
In either agar or aqueous systems, biocompatible agents such as humic acid are preferable due to 
greater environmental relevance and less potential toxicity than synthetic surfactants such as sodium 
dodecyl sulfate (SDS) or PVP.  
Semisolid media in petri dishes and hydroponics are simple systems, facilitating homogeneous 
mixing and immediate contact of ENMs with root surfaces; this experimental approach allows a focus 
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on intrinsic particle properties. But from a practical and realistic perspective, soil-based studies are 
more relevant and important. Soil or similar porous materials can physically and chemically alter the 
stability and availability of ENMs to terrestrial biota, including plants. To date, the knowledge of 
ENM-crop interactions in soil-based systems is very limited. In some published trials, sand or soil was 
either amended with nanomaterial powders or with ENMs suspensions (Du et al. 2011; Dimkpa et al. 
2012; El-Temsah and Joner 2012; Priester et al. 2012; Zhao et al. 2012; Zhao et al. 2012; 
Khodakovskaya et al. 2013). A design with outdoor lysimeters under field condition was first 
introduced to investigate the impact of ENMs on Triticum aestivum (wheat) growth and soil enzyme 
activities; here, the topsoil was ex-situ amended with TiO2 and ZnO nanoparticles (Du et al. 2011). 
This type of research, although still limited in scope, provides important environmentally relevant 
information on the fate and bioavailability of ENMs in agricultural systems. Additional similar yet 
expanded studies will be needed to fully characterize the impact of ENMs on crop growth, uptake and 
potential particle trophic transfer. 
It is also worth noting that some less intuitive routes of ENMs entry into aerial plant tissues have 
also been considered, including injection, leaf spray and atmospheric exposures (Corredor et al. 2009; 
Birbaum et al. 2010). Although leaves may possess resistant barriers, these studies will help to clarify 
all possible ENM exposure routes.  
 
1.3 Uptake of ENMs into agricultural crops 
Among terrestrial plant species, major agricultural crops raise obvious concerns due to their 
direct consumption as food. The crops that have been evaluated for ENMs accumulation and toxicity 
are numerous and include Triticum aestivum (wheat), Cucumis sativus (cucumber), Zea mays (corn), 
Allium cepa (onion), Cucurbita pepo/mixta (zucchini/pumpkin), Lycopersicon esculentum (tomato), 
Oryza sativa (rice), Glycine max (soybean), Lactuca sativa (lettuce), and Nicotiana xanthi (tobacco). 
Among these species, Cucurbita pepo/mixta and Cucumis sativus are commonly used in uptake and 
translocation experiments due to their large-size vascular bundles and significant water uptake 
capacity. In terms of ENM detection in planta, magnetic and carbon-based nanoparticles can be 
 
6 
detected in vivo by magnetic resonance imaging and radiolabeling, respectively. Additional 
complementary techniques to provide evidence for root or shoot uptake of ENMs, include 1) 
microscopic techniques, e.g., transmission electron microscopy (TEM), scanning electron microscopy 
(SEM), Scanning X-ray fluorescence microscopy (XFM) and confocal laser scanning microscopy 
(CLSM), coupled with 2) other qualitative/quantitative techniques, such as energy-dispersive 
spectroscopy (EDS), inductively coupled plasma-mass spectrometry (ICP-MS), and Raman 
spectroscopy, and occasionally assisted with 3) isotope tracer or labeling techniques. Although viable 
techniques for ENM in planta detection, information is still far too limited to mechanistically 
characterize uptake processes conclusively. However, based on the knowledge from the existing 
literature, some similarities and patterns in uptake process are evident and summarized below.  
 
1.3.1 Surface contamination and metal speciation  
When root surfaces are exposed in ENMs-containing media, these materials tend to accumulate 
on the epidermis or adhere onto surficial tissues as individual particles and/or aggregates (Lin and 
Xing 2008; Wild and Jones 2009; Zhao et al. 2012). The initial contact or interaction may occur via 
electrostatic adsorption, mechanical adhesion or hydrophobic affinity of certain ENMs (Zhang et al. 
2011). During accumulation experiments, it is critical to distinguish adsorption and actual ENMs 
uptake. In most uptake studies of metal-based ENMs, tap or deionized water is used to rinse the root 
surface, and then the whole tissue is digested for metal content determination. However, uptake data 
based on this type of procedure is really a semi-quantitative evaluation since a fraction of strongly 
adsorbed ENMs will be retained and digested with the tissues. Agents such as NaOAc and Na4EDTA 
may be used to remove adsorbed CuO nanoparticles from Triticum aestivum (wheat) root surface 
(Zhou et al. 2011). This amendment significantly facilitated CuO desorption from root surfaces 
without introducing new stress, presenting clear advantages over metal competing ions and 
surfactants. But the efficiency of removal was not widely tested among other ENMs and crop species, 
and it is not a standard approach when quantifying root uptake. When evaluating accumulation, data 
derived from aboveground tissues not in direct contact with exposure media is far more relevant. Also, 
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it is necessary to include ion and bulk particle controls in experiments. Even so, multidisciplinary and 
orthogonal techniques should be applied to provide more accurate information, such as visualization 
via electron microscopy or metal speciation. Metal speciation is necessary not only because crops may 
accumulate dissolved ions instead of particles, but also it provides potential information on metal 
biotransformation in vivo. In addition, plant root exudates or biomass could potentially affect the 
dissolution and accumulation of metal-based ENMs. Some metal oxide nanoparticles undergo 
dissolution and their metal ions are subsequently accumulated by plants. It was also reported that 
Medicago sativa alfalfa shoot biomass was capable of reducing gold(III) to form gold(0) colloids in 
aqueous solutions and living alfalfa plants could uptake silver(I) and undergo nucleation to form silver 
nanoparticles (Gardea-Torresdey et al. 2000; Gardea-Torresdey et al. 2003). As such, it becomes 
difficult to determine whether the metal species detected in plant tissues result from direct ion uptake 
or biotransformation within plant cells. While all Au remained as particles in plant shoots and 79% of 
Ce maintained the original CeO2 coordination, CuO ENMs accumulation by Triticum aestivum 
(wheat) shoot were in particulate (64±10 %) and complexed forms (Cu(I)–sulfur complexes 
(36±10 %)). ZnO ENMs-exposed plants (Triticum aestivum, Glycine max) have Zn as Zn(II)-
phosphate or Zn-citrate complexes; no elemental particles were observed (Lopez-Moreno et al. 2010; 
Judy et al. 2011; Dimkpa et al. 2012; Dimkpa et al. 2013; Hernandez-Viezcas et al. 2013). This 
cursory review of the literature clearly suggests that observed phytotoxicity likely result from a 
combination of ion-driven and size-dependent effects. 
 
1.3.2 Processes of root uptake  
Size-based selection by plant cell wall. Plant cell walls are a complex matrix containing a 
network of cellulose microfibrils cross-linked with hemicellulose and lignin, and further impregnated 
by pectin (Serag et al. 2013). With this characteristic structure, root epidermal cell walls restrict the 
passage of large ENMs aggregates or agglomerates. Agglomerates are particle assemblages that could 
be fractured by considerable forces, while aggregates are a more definite pattern of prenucleation 
structures (Nichols et al. 2002). Cell wall pores are estimated to have sizes in range of 5 to 20 nm 
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(Carpita et al. 1979; Tepfer and Taylor 1981); smaller clusters or individual particles could diffuse 
through pores and enter apoplastic and/or symplastic flow. In some instances, extensive ENMs 
sorption onto root surfaces could cause structural damage and compromise cell integrity. Also, carbon 
nanotubes may physically pierce epidermal and root hair cell walls (Wild and Jones 2009), physically 
altering tissues in ways that may subsequently facilitate ENMs entry into the cellular cytoplasm.  
Apoplastic route. When ENMs traverse porous cell walls, particles may diffuse in the space 
between the cell wall and plasma membrane: a route known as the apoplastic pathway and which is 
subject to osmotic pressure or capillary forces (Lin et al. 2009). Through the apoplast, particles may 
bypass epidermal and cortical cells to reach the endodermis. However, aggregates often accumulate in 
the endodermis as a result of the significant barrier imposed by the waxy Casparian strip (Larue et al. 
2012; Zhao et al. 2012). For effective translocation to the shoot system, ENMs in apoplastic flow must 
eventually merge into the symplast so as to penetrate into vascular system, as presented in Figure 1.1. 
Symplastic route. The symplastic route is hypothesized to be the more important and highly 
regulated pathway for transporting ENMs into crops. It has been proposed that cell internalization of 
ENMs could occur by binding to carrier proteins, through aquaporins, ion channels, endocytosis, or by 
creating new pores (carbon nanotubes) (Rico et al. 2011). While experimental data are scarce and 
many proposed mechanisms are under intense debate, endocytosis has been demonstrated definitively 
through the use of temperature control and the addition of endocytosis-inhibiting agents such as 
wortmannin (Onelli et al. 2008; Liu et al. 2009; Iversen et al. 2012; Miralles et al. 2012). Enhanced 
expression of aquaporin proteins and up-regulation of water channel genes were found to support 
possible passive uptake mechanisms (Khodakovskaya et al. 2012). Hydrophobic/hydrophilic effect 
could also alter the interaction of ENMs with plant cell membranes. Hydrophobic nanomaterials tend 
to embeds into the hydrophobic core of the membrane without resulting in membrane leakage; while 
hydrophilic nanomaterials favor the adsorption on the surface of the bilayer, and they are more likely 
to bind to intracellular vesicles(Stark 2011). ENMs in the cytoplasm may be surrounded by protein or 
other biomolecules that form a corona (Nel et al. 2009). Once within cells, the ENMs-containing 
endosomes or ENMs-protein complex could undergo efficient transport to neighboring cells via 
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plasmodesmata, which typically have a diameter of 20-50 nm. Notably, the structural integrity of 
plasmodesmata is maintained by cytoskeleton microfilaments and certain ENMs (ultra-small TiO2 
nanoparticles) have been reported to disrupt such microtubular networks in Arabidopsis thaliana 
(Wang et al. 2011; Larue et al. 2012). Additionally, Rab proteins were hypothesized to have a role 
directing “cargo” to specific areas near plasmodesmata locations (Cifuentes et al. 2010). As a result, 
the transportation of ENMs may be facilitated through the normal and coordinated activity of 
organelles, transport proteins and trans-wall channels. Because of the high volume of material 
involved in symplastic flow, this pathway may prove to be highly effective at transporting ENMs 
through endodermis and into stele and subsequent vascular tissues.  
 
1.3.3 Foliar uptake.  
As previously mentioned, foliar uptake was investigated in several studies that sought to 
characterize the possibility of phloem-based ENMs transport. ENMs have the potential to penetrate 
leaf surfaces through stomatal pores (Eichert et al. 2008; Larue et al. 2014). Basipetal translocation of 
carbon-coated iron nanoparticles was evident from the epidermis of exposed Cucurbita mixta petioles; 
similarly, Ce was found in Cucumis sativus roots after leaf exposure to nanoparticulate CeO2 
(Corredor et al. 2009; Hong et al. 2014). Split-root experiments performed on Zea mays roots also 
indicated the movement of CuO from shoots to roots via phloem (Wang et al. 2012). Interestingly, in 
the abovementioned study with Cucurbita mixta, ENMs aggregates were found to be present in 
"chains" of several adjacent parenchymatic cells oriented radially to the stem surface. Conversely, in 
root uptake studies, ENMs were found randomly distributed, suggesting that translocation through 
phloem may be more tightly regulated and organized than through xylem. Although experiments using 
atmospheric exposure are difficult, foliar uptake studies provide useful mechanistic information about 
ENMs distribution and translocation within crop plants. 
 
1.3.4 Translocation and distribution.  
The in planta translocation and uptake of ENMs are a dynamic process that will depend on 
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exposure conditions, ENMs properties and crop species. Key characteristics of ENMs that will impact 
bioavailability/bioactivity include particle size, surface charge, affinity to water 
(hydrophilic/hydrophobic), and protein/biomolecule adsorption. Upon accumulation, particle 
distribution via the vasculature (shown in Figure 1.1) could occur rapidly; ENMs were detected in 
shoots as short as 24 hours after carbon-coated magentic nanoparticle exposure to Helianthus annuus 
(sunflower), Lycopersicum sculentum (tomato), Pisum sativum (pea) and Triticum aestivum (wheat) 
(Cifuentes et al. 2010). An in vivo plant flow cytometry assessment showed that the average velocity 
of linear flow in Lycopersicum sculentum stems exposed to quantum dot-carbon nanotube conjugates 
was approximately 0.2 mm/s (Nedosekin et al. 2011).  
Various ENMs have been shown to translocate within stems, leaves, petioles and fruits of 
different crops. Table 1.1 outlines a portion of the relevant literature, with a focus on transport to 
edible tissues. It is worth noting that all the listed studies present rather definitive evidence of ENMs 
transport, supported by direct visualization of ENMs or whole-plant mapping of ENMs signals. Based 
on these studies, some trends are evident: 1) Observable ENMs in shoots tend to be concentrated or 
restricted to locations near or within vascular tissues. This is likely a function of the transpiration 
flow/pattern through the leaf structure (Ghafariyan et al. 2013); 2) Small aggregates or individual 
particles are obviously more capable of long-range movement from root to subapical tissues, as 
compared to large aggregates from the same type of ENMs; 3) It is commonly found that leaf 
concentrations of ENMs are higher than that stems when expressed in amount per dry weight tissue; 
and 4) Separate from vascular transport, specific locations for ENMs distribution, such as the leaf 
periphery and trichomes, may be implicated in detoxifying pathways (Cifuentes et al. 2010). 
However, it is clear that large-scale patterns of in planta distribution are poorly understood. Unknown 
detoxification pathways may also confound assessment of ENM distribution within exposed plants. 
Although multiple routes of ENMs translocation are possible, many ENMs will not transport to 
subapical tissues, with particle size being the primary reason for negligible accumulation. While 20 
nm Fe3O4 was found to penetrate and move into Cucurbita mixta (pumpkin), 25 nm did not translocate 
within the plants (Zhu et al. 2008; Wang et al. 2011). A study involving nTiO2 of different size 
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(Anatase 14, 25, 140 nm and Rutile 22, 36, 655 nm) concluded that ENMs with primary size under 36 
nm could reach the stele in Triticum aestivum (wheat) roots whereas ENMs with sizes between 36-140 
nm could only move to the root cortex. Another typical example is MWCNTs, which usually have 
lengths in the micrometer range. MWCNTs tended to adsorb onto root surfaces and pierce root 
epidermal tissue. The tubes induce physical damage and therefore stress crop plants without typically 
being internalized (Miralles et al. 2012). Surface coating is a second important role in determining the 
possibility of ENMs uptake. As depicted above, ENMs may be surface modified with biocompatible 
agents. These agents or surface functional groups have affinity with plasma membranes and 
significantly enhance ENMs uptake and translocation. 
 
1.4 Trophic transfer and potential risks to food safety  
Of particular concern is the internalization of ENMs into edible and reproductive tissues of 
plants; this has been shown for fullerol in fruits of Momordica charantia (Kole et al. 2013), fullerene 
(C70) in Oryza sativa grains and second-generation seedlings (Lin et al. 2009), and multi-walled CNTs 
in flowers of Lycopersicum sculentum (Khodakovskaya et al. 2013). In spite of these demonstrated 
phenomena, ENM bioaccumulation and trophic transfer are poorly understood; a discussion of the 
limited published literature is as follows. 
Notably, the majority of existing data related to ENM trophic transfer comes from studies in 
freshwater plants and aquatic invertebrates, e.g., transfer of quantum dots from ciliated protozoans to 
rotifers, nTiO2 from daphnia to zebrafish and quantum dots from dosed algae to C. dubia (Bouldin et 
al. 2008; Holbrook et al. 2008; Zhu et al. 2010). No biomagnification was observed in the above 
aquatic studies, with bioaccumulation factors (BAF) ranging from 0.004-0.04 (Hou et al. 2013). 
However, research more related to agricultural systems points to the possibility of trophic transfer and 
biomagnification through the food chain. One group working demonstrated bioaccumulation factors 
(BAF) of 6.2, 11.6, and 9.6 for tobacco hornworm consuming leaves of Nicotiana xanthi (tobacco) 
grown in 5, 10 and 15 nm Au nanoparticles suspensions (Judy et al. 2012). The authors later reported 
a much smaller BAF (0.16) for caterpillars consuming Lycopersicum sculentum leaves that were 
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surface contaminated with of Au nanoparticles (Judy et al. 2012). Meanwhile, nano Au (20 or 55 nm) 
can be taken up by earthworms (Eisenia fetida) from soil, and nano Au were found more bioavailable 
through trophic exposure (earthworms to bullfrogs (Rana catesbeina)) than direct exposure (bullfrogs 
to nano Au contaminated soils) (Unrine et al. 2010; Unrine et al. 2012). These studies suggest that 
ENMs trophic exposure and biomagnification are possible and of concern in agriculture. The limited 
information and large knowledge gaps make accurate assessment of ENMs exposure and risk during 
trophic transfer impossible (Gardea-Torresdey et al. 2014); clearly, considerable work in this critical 
area is needed to enable food safety guidance and policy development.  
 
1.5 Impact on plants 
In addition to food safety concerns related to ENM accumulation, the quality and yield of 
agricultural crops may also be compromised by ENM exposure, as summarized in Figure 1.2. The 
hypothesis that ENMs can affect crop growth has been tested repeatedly under a number of exposure 
scenarios. The effects of ENMs exposure can vary greatly, ranging from subtle changes in the soil 
environment to direct and overt phytotoxicity involving alternations in morphology, physiology and 
gene expression. The final effect will also be impacted by species-specific defense systems in 
response to ENMs induced stress. In spite of some studies reporting ENMs beneficial effects on crop 
species, the negative effects on crops may well exceed possible advantages of ENMs application in 
agriculture, and more importantly, concerns on safety and quality of food products arise from the 
evidence of negative effects, which include growth inhibition in seeds/seedling stages, oxidative 
stress, altered photosynthesis, genetic damage, compromised agronomic and yield characteristics, and 
ENMs facilitated uptake with other soil contaminants.  
 
1.5.1 General toxicity tests on seeds/seedlings  
Although there are no established specific testing standard protocols for ENMs, U.S. EPA and 
OECD phytotoxicity guidelines are frequently used. Measured biological endpoints include 
germination index (time and rate), root elongation, shoot/root biomass, and root tip morphology. 
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ENMs exposure concentrations are typically quite high, often approaching 1000-4000 mg/L. At these 
higher levels, overt toxicity is frequently observed. For example, reduced germination was noted with 
nanoparticle ZVI on Hordeum vulgare and Linum usitatissimum seeds at 250 mg/L, ZnO nanoparticles 
(NPs) on Zea mays seeds at 2000 mg/L, and CeO2 on Medicago sativa, Zea mays and Cucumis sativus 
seeds at 2000 mg/L (Lin and Xing 2007; Lopez-Moreno et al. 2010; El-Temsah and Joner 2012; Feizi 
et al. 2012; Ghafariyan et al. 2013). Compared to metal-based ENMs, CNTs were shown to not affect 
seed germination even at 2000 mg/L (Lin and Xing 2007; Miralles et al. 2012). Positive effects on 
seed germination were reported mainly in TiO2 and industrial-grade CNTs, particularly on seeds with 
inherently low germination (Zheng et al. 2005; Miralles et al. 2012; Feizi et al. 2013). Thus, reactive 
oxygen species (ROS) induced by TiO2 nanoparticles may have enhanced seed stress resistance and 
facilitated capsule penetration for water and oxygen intake that enabled more rapid germination (Khot 
et al. 2012). For industrial-grade CNTs, catalyst impurities, including Fe and Al2O3, can approach and 
exceed percent levels and as such, these materials rather than CNTs could enhance seed vigor by 
similar hormesis. 
Compared to seed germination, root and shoot growth of seedlings is generally regarded as a 
more sensitive indicator of toxicity. Although exposure dose and duration vary significantly in the 
literature, negative effects on seedlings root/shoot elongation and biomass were noted for metal-based 
ENMs such as ZnO, CuO, Ag and Al2O3, largely due to toxicity from the enhanced release of ions 
from ENMs. However, positive effects were noticed upon Au, Fe2O3, CeO2 NPs exposure over ion or 
bulk particle controls, including size-specific effects on root elongation (Barrena et al. 2009; Lopez-
Moreno et al. 2010; Ghodake et al. 2011; Dimkpa et al. 2012; Alidoust and Isoda 2013; Ghafariyan et 
al. 2013). Conflicting data in the literature are common for carbon-based ENMs such as graphene, 
SWCNTs, and MWCNTs (Canas et al. 2008; Begurn et al. 2011; Miralles et al. 2012). More 
disconcerting than the contradictory findings in the literature is the almost complete lack of 




1.5.2 Physiological changes 
When compared to more generic growth parameters, physiological endpoints are potentially 
more informative with regard to the interactions between ENMs and crop species. The two most 
common physiological parameters involve the generation of (or effects from) reactive oxygen species 
(ROS) with related antioxidant defenses and various aspects of photosynthetic system function. ROS 
generation and oxidative stress was hypothesized to be the most likely paradigm for ENM 
phytotoxicity, largely due to the direct relationship between high reactive surface area and oxidative 
capability of these materials (Nel et al. 2006). Photosynthesis has been a focus due to its critical 
importance as an ecosystem service and its direct relationship to crop yield and quality; however, a 
mechanistic understanding here is generally lacking (Long et al. 2006).   
Oxidative stress and antioxidant enzymes. Reactive oxygen species are by-products of aerobic 
metabolism, usually in reduced forms of O2 such as superoxide radical (O2−), hydrogen peroxide 
(H2O2) and hydroxyl radical (HO−). These products are actively generated as signaling molecules 
during cellular homeostasis, and rapidly scavenged by antioxidant defense machinery prior to 
significant toxic effects (Mittler 2002; Apel and Hirt 2004). The antioxidant defense system include 
enzymatic (superoxide dismutase, SOD; catalase, CAT; ascorbate peroxidase, APX; glutathione 
reductase, GR; monodehydroascorbate reductase, MDHAR; dehydroascorbate reductase, DHAR; 
glutathione peroxidase, GPX; guaiacol peroxidase, GOPX and glutathione-S-transferase, GST) and 
non-enzymatic antioxidants (ascorbic acid, ASH; glutathione, GSH; oxidized glutathione, GSSG; 
phenolic compounds, alkaloids, non-protein amino acids and a-tocopherols) (Gill and Tuteja 2010). 
Among the antioxidant defenses, enzymatic group of SOD-CAT-APX and non-enzymatic group of 
GSH-GSSG are typically most commonly evaluated.  
An imbalance between production and scavenging can lead to an oxidative burst, a phenomenon 
commonly noted in stressed plants. Oxidative stress and over-accumulation of ROS will induce cell 
damage, e.g., membrane lipid peroxidation, protein oxidation, enzyme inhibition, DNA and RNA 
damage, or activate the programed cell death pathway (PCD). An early report on oxidative stress 
involved the interaction between Fe3O4 Nanoparticles (NPs) and Cucurbita mixta, with the authors 
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noting significantly higher levels of SOD and CAT along with enhanced lipid peroxidation in the root 
tissue (Wang et al. 2011). In another study focusing on graphene-exposed Brassica campestris 
(cabbage), Lycopersicon esculentum (tomato) and Amaranthus tricolor/lividus (red spinach), ROS 
production was found to be dose-dependent (0, 500, 1000, 2000 mg/L) (Begurn et al. 2011). 
Conversely, nano TiO2 at 5, 25 and 50 mg/L did not alter any oxidative stress biomarkers in Vicia faba 
shoot (Foltete et al. 2011). In such cases, NPs exposure may either not induce ROS production or may 
induce ROS levels that are well managed by antioxidant defenses. Dimkpa et al. investigated the 
oxidative stress of Triticum aestivum grown in CuO or ZnO NPs amended sand (Dimkpa et al. 2012). 
Although lipid peroxidation, increased GSSG level in shoots, and higher peroxidase (POD)/CAT 
activity were noted, the magnitude of ROS over-production and stress was not great. The increase of 
certain antioxidant enzymes or lipid peroxidation is consequence of ROS imbalance, which does 
indirectly suggest initial ROS over-production. Direct evidence such as quantitative measurement of 
ROS should be presented where possible, e.g., data using oxidatively sensitive probes 2’, 7’-
dichlorofluorescein diacetate (DCFH-DA) and 3,3’-diaminobenzidine (DAB). Direct evidence of ROS 
overproduction can also be determined through measurement of antioxidant related gene expression 
levels (Begurn et al. 2011)). Dimkpa et al. also highlighted another important issue, which involves 
being able to distinguish between ion-induced and NP-dependent stresses. In this study, Cu detected in 
the shoots was in both NPs and Cu (I)–sulfide forms. It was noticed that the increased production of 
CAT/POD was also found in Triticum aestivum treated with Cu ion solution, which might support the 
view that oxidative stress was a function of Cu ions released from nanoparticles rather than the 
presence of nanoparticles or their aggregates themselves (Gajewska and Sklodowska 2010). 
Alternatively, Zhao et al investigated the stress response of CeO2 nanoparticles on soil-grown 
Zea mays, and provided a comprehensive assessment of stress-related parameters including H2O2, 
CAT and APX activity, heat shock protein 70 (HSP70), lipid peroxidation and cell death (Zhao et al. 
2012). Importantly, timing was noted as a critical factor in detecting plant stress response. Over-
production of H2O2 in shoots was observed at day 10 but levels then gradually decreased until day 20, 
when over-accumulation was no longer evident. This time-dependent response suggests an adaptive 
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process for crops grown in ENMs-contaminated environments. Also, the timing of biological endpoint 
determination should be taken into consideration when comparing ENM-crop interactions across 
particles and species.  
ROS over-production is also reflected in membrane fatty acid profiles and lignin content. For 
example, fatty acid content in Oryza sativa roots was significantly altered by nano CeO2 treatments 
(Rico et al. 2013). Plant lignin content was also reduced with increasing nano CeO2 dosage, likely due 
to the fact that the balance between peroxidase activity and H2O2 content has a regulatory role in 
lignin synthesis (Rico et al. 2013).    
Photosynthesis and gas exchanges parameters. The production and scavenging of ROS are 
closely related to photorespiration pathways, photosynthetic apparatus and mitochondrial respiration. 
As a consequence of ENMs stress, it is possible that photosynthetic processes may be suppressed or 
adversely affected.  
Initial studies on the impact of TiO2 NPs on Spinacia oleracea (spinach) photosynthesis (Zheng 
et al. 2005; Su et al. 2007; Yang et al. 2007) showed increased photosynthetic rate, greater chlorophyll 
formation and higher Rubisco activity with exposure, although a mechanistic explanation was not 
offered. Other studies with different ENMs and crops revealed no differences in photosynthesis and 
gas exchange (net photosynthetic rate), transpiration, and stomatal conductance for CeO2-Zea mays, 
TiO2-Triticum aestivum, TiO2-Vicia faba or Fe2O3 nanoparticles-Glycine max (Foltete et al. 2011; 
Larue et al. 2012; Zhao et al. 2012; Ghafariyan et al. 2013). However, unaltered gas exchange 
parameters did not mean that plants were unaffected; in fact, photosynthetic pigments and enzymatic 
structures at different stages of the photosynthesis reaction were found to be more sensitive endpoints 
than overall photosynthetic rates. For example, chlorophyll a and b content in Oryza sativa seedlings 
were significantly diminished with CeO2 NPs treatment, as well as with Triticum aestivum treated with 
CuO and ZnO NPs (Dimkpa et al. 2012; Rico et al. 2013). Similar suppression was also observed in 
some microalgae, and it was speculated to be a result of shading effect of nanomaterials, which cannot 
explain the inhibitory in higher plants (Sadiq et al. 2011; Oukarroum et al. 2012).  
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1.5.3 Genetic alternations and damage 
Perhaps the most accurate and informative means to assess plant response to ENMs exposure 
involves molecular analysis. In addition, genetic studies would also provide important information to 
support physiological or phenotypic observations. For instance, Zea mays treated with SWCNTs 
exhibited enhanced root growth, and accordingly, the expression of seminal root associated genes was 
increased (Yan et al. 2013). Similarly, it is of great interest to study the up- and down-regulation of 
antioxidant-related genes in conjunction with the production of antioxidant parameters, but 
unfortunately, there are no sufficient studies with terrestrial crop species. In the model plant 
Arabidopsis thaliana (L.), expression of genes controlling the glutathione (GSH) biosynthesis pathway 
was significantly altered, confirming the oxidative stress. Specifically, In2O3 NPs exposure increased 
glutathione synthase (GS) transcript production by 3.8−4.6-fold whereas nano CeO2 yielded only a 2-
fold increase (Ma et al. 2013). In addition, in Nicotiana xanthi cells treated with MWCNTs, the 
expression of aquaporin (NtPIP1) gene, as well as marker genes for cell division (CycB) and cell wall 
extension (NtLRX1), were significantly up-regulated upon exposure. This set of data suggests that the 
enhanced growth of cells was directly related to water uptake and cell division (Khodakovskaya et al. 
2012).  
Additional genotoxicity tests include the comet assay and micronucleus test, both of which have 
been used extensively on plant protoplast and mammalian cell lines. Among crop species, the 
micronucleus test has been more commonly employed, such as on the root tips of Allium cepa. 
Chromosomal aberrations, sticky chromosomes, disturbed metaphase, and multiple chromosomal 
breaks of varying degrees were noted as soon as 3 to 24 hour after ENMs exposure; a relationship of 
these effects to overall increased lipid peroxidation was proposed (Kumari et al. 2009; Ghosh et al. 
2010; Castiglione et al. 2011; Foltete et al. 2011; Klancnik et al. 2011; Kumari et al. 2011). Also, as a 
result of over-produced ROS and lipid peroxidation, genotoxicity of CuO exposure as measured by 
significant accumulation of oxidatively modified, mutagenic DNA lesions was described in Raphanus 
sativus (radish), Lolium perenne (perennial ryegrass), and Lolium rigidum (annual ryegrass), e.g., 7,8-
dihydro-8-oxoguanine, 2,6-diamino-4-hydroxy-5-formamidopyrimidine, 4,6-diamino-5- 
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formamidopyrimidine (Atha et al. 2012). Additional studies focused on genetic and epigenetic 
endpoints as a function of ENMs exposure are clearly needed for terrestrial crop species so as to 
adequately guide food safety considerations.  
  
1.5.4 Impacts through subtle changes in growth media  
In addition to direct stress from ENMs, plant growth may also be affected by particle-induced 
changes in growth media. Although these changes are generally more subtle than direct stress effects, 
they cannot be ignored as a supplementary factor in plant response and as an input parameter for food 
safety risk assessment efforts.  
Certain ENMs have been shown to extensively cover plant root surfaces; it is possible the 
reduced hydraulic movement between soil and roots would therefore induce symptoms of water stress. 
A study on Zea mays seedlings found that root hydraulic conductivity was reduced, likely resulting 
inhibition of leaf growth and transpiration (Asli and Neumann 2009). Importantly, this effect was time 
dependent and after 6 weeks, no difference was evident between control and ENMs treatment. In this 
case, a more in-depth investigation into gene or protein expression would be informative. Another 
potentially important indirect impact may result from changes in the soil microbial community as a 
function of ENM exposure. Arbuscular mycorrhizal fungi (AMF) exposed to iron oxide nanoparticles 
had significantly reduced glomalin content and clover biomass due to compromised nutrient 
acquisition (Feng et al. 2013). However, in many cases, linking soil microbial activity or diversity to 
plant responses may be difficult. For example, different groups of microorganisms were found to 
increase or decrease in soil amended with MWCNTs, but the overall bacterial diversity did not change 
and the changes in soil microorganisms that did occur were not correlated with Lycopersicon 
esculentum growth (Khodakovskaya et al. 2013).   
  
1.5.5 Impact on agronomic and yield characteristics  
Much of the ENM phytotoxicity literature has focused on short-term exposure 
(seedlings/vegetative phase), but to fully characterize particle fate and effects, as well as implications 
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for food safety, research must include studies conducted until full maturity/harvest. Only under those 
conditions can the impacts of ENM exposure on fruit/grain production quantity and quality (nutrition) 
be adequately assessed. Specific endpoints should include growth parameters (number of flowers/fruit, 
fruit mass/size, seed mass/number) and nutritional traits (protein and amino acid content, oils and fatty 
acids, carotenoids and minerals). As mentioned above, molecular analysis tracking the expression of 
critical genes may also be highly instructive. 
A 2009 study conducted on Oryza sativa exposed to C70 showed aggregated ENMs in second-
generation seedlings when the first generation was exposed only during germination (Lin et al. 2009). 
Transmission of nanomaterials to the progeny through seeds suggests the potential that ENMs may 
present a longer-term chronic exposure hazard to human and non-human receptors. Kim et al. 
illustrated that Lycopersicon esculentum grown in soil amended with MWCNTs produced two times 
more flowers and therefore, induced significantly greater fruit development as compared to control 
plants and plants receiving activated carbon (Khodakovskaya et al. 2013). The promotion in flowering 
and reproductive system performance was likely attributed to active expression of water channel 
protein (aquaporin) and up-regulation of aquaporin and related genes. Similar promotion in fruit yield 
was reported in Momordica charantia (bitter melon) treated with fullerol [C60(OH)20] (Kole et al. 
2013). Furthermore, the content of two anticancer and two antidiabetic phytomedicinals were 
significantly increased with fullerol treatment (Kole et al. 2013). Another study on Oryza sativa 
treated with MWCNTs and C70 presented contrary results. The flowering of rice plants was delayed at 
least one month and the seed setting rate was reduced by 4.6% and 10.5%, with C70 and MWCNTs 
treatments, respectively (Lin et al. 2009). However, these studies are highly limited and the impact of 
ENM exposure on flowering and fruit development remains an important unanswered question.   
The nutrition level of crops grown in ENMs-contaminated soil may also be compromised. It was 
reported that Oryza sativa grains harvested from nano CeO2 exposed plants had lower content of Fe, 
S, prolamin, glutelin, lauric and valeric acids, and starch (Rico et al. 2013). In a similar exposure 
setting, nano CeO2 decreased Mo concentration in Cucumis sativus fruit and also altered nonreducing 
sugars, phenolic content and fractionation of proteins (Zhao et al. 2014). These tests on nutritional 
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content of ENMs-treated edible tissues suggest that ENMs would affect fruit flavor, antioxidant 
content and nutrition levels, as well as growth performance. However, it is still not fully understood 
whether these changes in nutrition content are indicators of stress induced by ENMs. Given the 
potential widespread application of nanotechnology in agrichemicals and agriculture, resolution of this 
question remains a critical issue of concern.  
Another noteworthy aspect of ENMs impact on crops regarding food production is through 
influence on endophytic bacteria-plants symbosis. In Glycine max (soybean), nitrogen fixation 
potential per nodule was also severely diminished at medium and high nano CeO2 treatment (50, 100 
g/kg soil), which is correlated to absent bacteroids in nodules (Priester et al. 2012). Similarly, nano 
TiO2 disrupted Rhizobium–legume symbiosis between Pisum sativum (peas) and R. leguminosarum bv. 
viciae 3841 by altering the wall structures of the infection thread in nitrogen-fixing nodules, and 
subsequently delayed nitrogen fixation (Fan et al. 2014). These two studies suggest that Legume 
nitrogen fixation is very sensitive to ENMs exposure and that yield may be compromised. Clearly, 
more research is required to understand the potential ENMs impacts on crops and their important 
symbiosis with endophytic bacteria.   
 
1.5.6 Impact on co-existing contaminants 
ENMs interaction with co-existing contaminants may have implications for the quality and safety 
of crops. ENMs in agricultural soils can possibly affect the bioavailability of other soil pollutants (e.g., 
heavy metals, organochlorine pesticides, pharmaceuticals). For instance, C60 significantly increased 
weathered chlordane uptake from soil by Lycopersicon esculentum or Glycine max whereas MWCNTs 
decreased chlordane and DDx accumulation in Cucurbita pepo, Zea mays, Lycopersicum sculentum 
and Glycine max (De La Torre-Roche et al. 2012; De La Torre-Roche et al. 2012; De La Torre-Roche 
et al. 2013; Kelsey and White 2013). Nanoparticle Ag was found to decrease the p,p′-DDE content of 
Glycine max tissues more than bulk Ag (De La Torre-Roche et al., 2012b). In particular, there was a 
hypothesis that MWCNTs could pierce plant roots and create open pathway for the uptake and 
accumulation of secondary contaminant, as shown in Figure 1.4. Although pharmaceutical 
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contaminants and heavy metals in soils are currently not extensively tested in co-contamination 
studies, it is likely the co-existence of ENMs would affect their bioavailability, posing an important 
food safety concern. The interactions of ENMs with other soil contaminants could be complex, 
including disruption in membrane integrity, increased/decreased expression in membrane transport 
proteins, interference with dissolved organic matter and competition between ENMs and other 
nutrients/contaminants. The resulting implications for food safety could be far reaching, but current 
level of knowledge is still insufficient.  
 
1.6 Perspectives and Research Priorities 
Because ENMs are transported and may accumulate in agricultural soils through multiple 
pathways (e.g., biosolid application, atmospheric fallouts, irrigation with recycled water), exposure to 
crops is likely, potentially resulting in accumulation with largely unknown impacts on growth and 
productivity.  In terms of food safety, trophic transfer of ENMs from crops to humans remains a major 
concern. Transmission of ENMs through the food chain is possible, but will be dependent on particle 
ability to move the across the soil-plant barrier and accumulate in edible tissues. Existing evidence of 
ENMs transfer in food chains is largely restricted to invertebrates in aquatic systems, although a small 
number of studies with select terrestrial invertebrates have been published, but the risk posed to 
humans consuming these food products is completely unknown. Meaningful and accurate health risk 
assessment of ENMs is dependent on a thorough understanding of material fate and effects, including 
ENMs concentrations in agricultural soil/water, crops and subsequent trophic levels, as well as 
potential transformation in vivo.  
Two additional research focus areas with regard to ENM-crop interactions are: 1) elucidation of 
underlying molecular mechanisms of interaction and 2) illustration of various environmental factors 
affecting ENM-crop interactions under realistic conditions. First, a mechanistic understanding of 
ENM-crop interactions is elusive but will be critical to accurate ENM risk assessment. There are many 
questions to be resolved. As mentioned above, metal-based ENMs must be compared with appropriate 
ion and bulk material controls, to reveal actual instances of size-dependent toxicity. Another open 
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question is how surface functionalization of ENMs would affect their fate in particle uptake and 
accumulation. It is possible that in vivo, ENMs surface functional groups could covalently bind to 
protein/DNA or lipophilic molecules within the membrane or cytoplasm (Stark 2011; Maurer-Jones et 
al. 2013). Additional emphasis should be placed on molecular/genetic level investigations to discover 
factors mediating transport and stress response to ENMs in vivo. In addition, metabolomics and 
proteomics could be introduced as an approach to probe stress response, including monitoring changes 
in secondary-metabolite profiles under ENMs exposure. Second, considering the complexity of 
agroecosystems, the influence of various environmental factors on ENM-crop interactions needs to be 
addressed. Agricultural soils involve complex abiotic and biotic components, including 
mineral/nutrient, water, natural organic matter (NOM), microorganisms/endophytic bacteria, soil 
invertebrates and co-existing contaminant. Among these environmental factors, NOM is of primary 
interest, because of its ability to dramatically stabilize ENMs in aqueous media and subsequently 
affect aggregation/mobility (Ghosh et al. 2008; Johnson et al. 2009). However, the impact of NOM on 
the bioavailability/phytotoxicity of ENMs has not been thoroughly evaluated. Similarly, the role of 
other environmental factors (root exudation, soil pH, cations/ionic strength, microbial diversity) in 
ENM-crop interactions is poorly understood. It is also of great importance to investigate how ENMs 
would affect crop plants uptake of other co-existing soil contaminants. Hence, investigations of ENM-
crop interactions should be conducted under conditions that approximate environmental factors in 
rhizosphere.  
Currently, measurement techniques remain a major limitation for assessing ENM fate and 
transport, including interactions with agricultural species. Without appropriate instrumental analysis, 
efficient tracking of ENMs in vivo or in situ will be difficult and prone to error. Synchrotron-based 
microfocused X-rayfluorescence (μ-SXRF) with microX-ray absorption near-edge structure (µ-
XANES) or microX-ray diffraction (µ-XRD) are currently the most powerful set of techniques used 
for a complete characterization of biological samples. Among the set of techniques, µ-SXRF is very 
useful, allowing in situ mapping of nanoparticles with high sensitivity, negligible sample damage and 
enable tuning of the incident energy as desired (Ma et al. 2011; Majumdar et al. 2012; Hernandez-
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Viezcas et al. 2013; Hummer and Rompel 2013). Other promising advances include single particle 
inductively coupled plasma-mass spectrometry (sp ICP-MS), solid sampling high-resolution-
continuum source atomic absorption spectrometry (HR-CS AAS) and two-photon excitation 
microscopy (TPEM) (Wild and Jones 2009; Feichtmeier and Leopold 2013; Gray et al. 2013). 
However, most advanced instrumentation platforms used for these types of studies are costly and of 
limited accessibility (Szakal et al. 2014). As such, a multidisciplinary and orthogonal approach is 
needed, including the development of new or hybridized measurement techniques, in order to promote 
the understanding of ENM-crop interactions (Gardea-Torresdey et al. 2014; Petersen et al. 2014). 
Many details of ENM-crop interactions remain poorly understood, including the possibility of 
ENMs transmission from crops to human beings, co-contamination effects of ENMs with other soil 
pollutants, the mechanisms in plant uptake and stress response, and environmental factors mediating 
these interaction processes. With such a limited knowledge in ENM-crop interactions, the quality, 
quantity and safety of food products from ENMs-containing environments are impossible to assess. 
An awareness of potential risks from growing crops in ENMs-contaminated soils and with the 
development of novel measurement techniques will help to overcome these knowledge gaps.    
 
1.7 Objectives and Hypothesis 
This work seeks to study uptake and accumulation of ENMs in major crops, the effect of ENMs 
in plant taking up co-existent contaminant and to investigate physiological and biochemical response 
of crops under ENMs stress. The specific objectives of this research are: 
1. to compare the phytotoxicity of different ENMs and susceptibility of crop species systematically 
through short-term screening tests involving 11 ENMs (Ag, CuO, CeO2, TiO2, ZnO, SiO2, Al2O3, 
MWCNTs, amino-MWCNTs, carboxyl-MWCNTs or C60) and 3 major crop plants (rye, rice and 
corn).  
2. to understand uptake and accumulation of nanomaterials within plants and examine consequential 
physiological effects and genotoxicity, through focusing on one typical interaction (Rice × TiO2). 
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3. to figure out how environmental factors (exposure media, co-existing contaminants) 
affect ENM-crop interactions; in particular, to probe into how MWCNTs would affect 




Figure 1.1. Schematic diagram of uptake process and routes, a) a model crop plant, b) root uptake 
processes and translocation into vasculature starting from root surface accumulation, 
symplastic/apoplastic flows into cortex and then traverses endodermis into xylem vessels; c) upward 









Table 1.1. Translocation and distribution of engineered nanomaterials in aerial tissues of agricultural 













C60(OH)20 1.5 nm, 5.0 nm  1, 5, 10, 11.5, 
50 ppm 
Petioles, leaves, flowers, and fruits NA 
(no available) 
(Kole et al. 
2013) 
cucumber CeO2 7 nm 20 ppm Accumulated along leaf margins in young 
leaves; spread all over the older leaves 
162-550 ng/g ( leaves); 
25.1-231.0 ng/g (stems) 
(Zhang et 
al. 2011) 
  25 nm 20 ppm  33.7-383 ng/g (leaves); 
10.6-253 ng/g (stems) 
 
pea carbon-Fe 10 nm  Observed in cortex, leaf petioles, internodes;  
within and outside vascular tissues 
NA (Cifuentes 
et al. 2010) 
pumpkin Fe3O4 20 nm 500 ppm Strong magnetic signals detected in all leaf 
specimens regardless of their distances from 
the roots; much weaker from the stem tissue 
samples except those close to the roots.  
0.6% of initial Fe in 
leaf tissues, 45.4% in 
root tissues 
(Zhu et al. 
2008) 
rapeseed MWCNTs 41.2 nm  1000 ppm Higher accumulation at peripheral areas of 
leaves; more accumulated in newly 
developed leaves; 
Transfer from 






9 nn 60 ppm Diffused toward interior of the stem 
parenchyma; detected in stem and leaves, 
vascular and parenchyma tissues 
TF (root to leaf) 1.0% 
for SPIONs, 1.4% for 
NH2-SPIONs and 1.6% 
for COOH-SPIONs 
(Ghafariya
n et al. 
2013) 
rice C70 1.19 (major),  20 ppm Predominantly present in and near the stem’s 
vascular system; in leaves; spotted in leaf 
tissues of the second-generation plants 
NA (Lin et al. 
2009) 
sunflower carbon-Fe  10 nm  Observed in cortex, leaf petioles, internodes;  
within and outside vascular tissues  
NA (Cifuentes 
et al. 2010) 
tobacco   Au 10,30,50 nm 30 ppm Observed within leaf mid rib near petiole; Between 2.2 and 53.5 
mg/kg in aerial tissues 
(Judy et al. 
2012) 
tomato carbon-Fe  10 nm  Observed in cortex, leaf petioles, internodes;  
within and outside vascular tissues  
NA (Cifuentes 
et al. 2010) 
MWCNTs 25 nm  50, 200 ppm Clustered CNTs observed in the flower 
structures 
NA (Khodakov
skaya et al. 
2013) 
carbon  MWCNTs 10-35 
nm, SWCNTs 
0.86-2.22 nm; 
graphene 2–5 nm 
50 ppm Observed outside the leaves’ vascular system; 
randomly among individual cells; only a few 
were found in close proximity to the leaf 
vasculatures 
NA (Khodakov
skaya et al. 
2011) 
wheat  MWCNTs 41.2 nm  1000 ppm Higher accumulation at peripheral areas of 
leaves;more accumulated in newly developed 
leaves; 
NA (Larue et 
al. 2012) 
 carbon-Fe  10 nm  observed in cortex, leaf petiotles, internodes; 
within and outside vascular tissues; strongly 
accumulated in leaf trichomes  
NA (Cifuentes 





Figure 1.2. An overview of ENMs impact on agricultural crops, including toxicity, growth 







Co-contamination Agronomic Characteristics Changes in  
Growth Environment 





Root tip morphology. 
Parameters in ROS imbalance 





 Enzyme and non-enzyme 
antioxidant activity (SOD-CAT-APX, 
GSH-GSSG) 
 Membrane lipid peroxidation, fatty 
acid profiles and lignin content 
Genotoxocity tests (comet 
assay, micronucleus test, 
determination of DNA lesions) 
ROS related: expression of 
genes controlling the 
biosynthesis pathway of 
antioxidant   
Growth related: expression of 
genes controlling cell division, 
cell wall extension or 
production of membrane 
transport protein 
Gas exchange parameters 
 photosynthetic rates 
 Pigments content (chlorophyll, 
anthocyanin) 
 Rubisco activity 
 Transpiration rate 
 Stomatal conductance 
Parameters: 
 Generational transmission of ENMs 
 Flower/fruit development (number, 
size, biomass, seed setting rate) 
 Nutrition content  
 phytomedicine contents 
 Nitrogen fixation potential through 
endophytic bacteria-plants 
symbiosis 
Possible effects:  
Crop concurrent uptake of 
ENMs soil contaminants 
(organochlorine pesticides, 
pharmaceuticals) 
Possible effects:  
Alter root hydraulic 
conductivity;  















Figure 1.3. Schematic diagram showing that MWCNTs at the wheat root surface may facilitate the 
transport and accumulation of secondary contaminates. MWCNTs (in red) pierced the epidermal cell 
wall and entered the cellular cytoplasm, while phenanthrene (in blue), as an example of secondary 
contaminates, interacted with MWCNT and entering cells through open pathway created by MWCNTs 





A SCREENING STUDY ON THE GROWTH IMPACT OF ENGINEERED 
NANOMATERIALS ON CROPS  
2.1 Abstract  
With an increasing application of engineered nanomaterials into environments, the possible 
adverse effect of metal- and carbon-based nanoparticles (NP) on agricultural plants became a matter of 
importance. In this research, phytotoxicity of 11 nanoparticles (Ag, CuO, TiO2, ZnO, CeO2, SiO2, 
Al2O3, C60, MWCNTs, NH2-MWCNTs and COOH-MWCNTs) at 50 and 500 mg/L was compared in 
three crop species (rice, rye and corn) under hydroponics for 12 d. The CuO and ZnO NPs presented 
the greatest growth inhibition in crops while SiO2 and TiO2 did not affect the seedling growth. 
However, the toxicity of CuO and ZnO NPs was not distinguished from that of corresponding bulk 
particles (BPs) and ion controls. Comparisons between NP treatment and the ion controls indicated 
that dissolved ions was only partially responsible for phytotoxicity of NPs. The particle-specific 
mechanisms for phytotoxicty of NPs would require further investigation. The bioaccumulation of 
metals was further investigated in Ag and CeO2 related treatment. NPs resulted in significantly higher 
accumulation of the metal in both root and shoot tissues than BPs at identical exposure concentration. 
The results showed that the phytotoxicity and bioaccumulation of NPs were highly variable depending 




Driven by the unique physical and chemical properties, engineered nanomaterials (ENMS) have 
been produced and used on an unprecedented scale. The nanomaterials-enabled products available on 
the market included electronics, optics, textiles, medicine, cosmetics, food packaging, fuel cells, 
catalysts and agents for environmental remediation (West and Halas 2003; Mueller and Nowack 
2008). In particular, there is a growing trend of using nanotechnology in agriculture, including 
nanofertilizers and biosensors (Liu and Lal 2015). The wide application of nanomaterials would 
inevitably lead to the release into the environment. Life-cycle studies on nanomaterials predicted that 
concentrations of ENMs in wastewater effluent would range from low nanograms per liter to 
micrograms per liter and about a quarter of the materials flowed directly into soils (Gottschalk and 
Nowack 2011; Keller et al. 2013; Keller and Lazareva 2014). As such, the influx of nanomaterials into 
agro-environment may include both intentional direct application of nanomaterials and the accidental 
release of nanomaterials. Especially, in the US, 74% of the beneficially used biosolids went to 
agriculture (approximately 2,600,000 tons/year) ((NEBRA) 2007; Miller-Robbie et al. 2015). The 
disposal of biosolids may substantially introduce nanomaterial contaminants into agro-environment. 
Generally nanomaterials are categorized into carbon-based, metal-based, dendrimers (nano-sized 
polymers) and composites. Carbon-based nanoparticles (NPs) are mostly carbon in forms of hollow 
spheres, ellipsoids, or tubes, such as fullerenes C60 and multi-wall carbon nanotubes (MWCNTs); 
metal-based NPs are more diverse with chemical composition, including nano gold, nano silver and 
other nano-sized metal oxides, such as titanium dioxide. Typically, engineered structures with 100 
nanometers or less in at least one dimension could be defined as ENMs. With size reduced into nano 
scale, nanoparticles may present particular surface properties and chemistries differing from the 
corresponding bulk material in micro-size (referred as bulk particles, BPs), consequently making a 
difference in bio-interaction or biological processes such as phytotoxicity and bioaccumulation.   
With nanomaterials being discharged into agriculture, the implications of the nanomaterials for 
agricultural plants remains unclear. Due to the intrinsic diversity of nanomaterials (type, size, surface 
modification) and exposure conditions, there is a lack of consistent standardized toxicity test for 
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ENMs. Therefore, most toxicity data from existing literature are not comparable. Thus, the objective 
of this preliminary study was to build an initial dataset of ENMs impact on growth performance of 
three major crops (rice, rye and corn), and more importantly, to provide possible support for the 
construction of nanomaterials phytotoxicity profile.  
In this study, 11 most commonly used nanomaterials on the market were chosen, including the 
metal-based nanoparticles (Ag, CuO, TiO2, ZnO, CeO2, SiO2, Al2O3) and the carbon-based 
nanoparticles (C60, MWCNTs, NH2-MWCNTs and COOH-MWCNTs). The ENMs were tested in two 
primary growth parameters (biomass and transpiration) on seedlings of three major crops (rice, rye 
and corn). Two type of metal-based ENMs (CeO2 and Ag) were further tested for elemental 
accumulation. The comparisons among ENMs type and crop species were made to provide 
preliminary information for implications of ENMs for agricultural plants.  
 
2.3 Method and Materials 
2.3.1 Characterization of engineered nanomaterials 
The NPs and corresponding BPs were purchased from commercial vendors including 
Nanostructured & Amorphous Materials (Houston, TX), SES Research (Houston, TX), US 
Research Nanomaterials, Inc. and Cheap Tubes and Fisher Scientific. Activated carbon (Fisher) was 
employed as a bulk-size control for all four carbon-based NPs (C60, MWCNTs, NH2-MWCNTs and 
COOH-MWCNTs). BPs and NPs in powder form were dispersed in deionized in glass containers at 50 
and 500 mg/L. The dispersions were subsequently sonicated in an ice bath at a delivered power of 50 
W for 15 minutes (metal-based) or 30 minutes (carbon-based) to disrupt any possible aggregates 
(Taurozzi et al. 2012). After sonication, surface charge and hydrodynamic size of NPs at 50 mg/L 
were determined through Zetasizer (90Plus, Brookhaven Instruments Corp., Holtsville, NY). 
Dissolved ion controls (Ag+, Cu2+, Zn2+, Al3+ ) were prepared at 1 mg/L and 5 mg/L for nanoparticles 
with substantial ion release. The SiO2 and TiO2 particles were used in exposure assay without ion 
controls, because of their extremely low dissolution (Brunner et al. 2006; Mudunkotuwa and Grassian 
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2010).    
2.3.2 Hydroponic Biomass and Transpiration Assays 
Seeds of rice (Oryza sativa L., Nipponbare), rye (Secale cereal L.) and corn (Zea mays) were 
obtained from USDA Dale Bumpers National Rice Research Center (Stuttgart, Arkansas), Hadley 
garden center (Hadley, MA) and Burpee Garden Products Co (Warminster, PA), respectively. The 
hydroponic experiments were conducted in a greenhouse, with controlled temperature regime (24 ºC 
day /20 ºC night), and 4 h supplemental lighting (PAR source, 400 μmols·m-2·s-1). After soaking and 
surface sterilization, seeds were germinated on moist filter papers in Petri dishes until the development 
of the first true leaf. Seedlings were cultivated in 50% strength Hoagland solution (Sigma-Aldrich) for 
one day and then in deionized water for one day before transplanting. Uniform seedlings were then 
exposed in 50 and 500 mg/L NP suspensions in 12 ml amber vials for 12 days, with deionized water, 
BP suspensions or ion solution as control groups. There were six replicates per treatment. Biomass and 
water loss (evapotranspiration) were recorded daily at the same time. Growth containers were 
replenished with deionized water if needed. 
 
2.3.3 ICP-OES for elemental content in plant tissues 
Among the treated-plants that presented growth inhibition, CeO2 and Ag exposed-plants 
presented a significant difference between NP and BP treatments. Therefore, the two ENMs were 
selected for further element content analysis on ICP-OES. To determine the metal content, dry plant 
tissues (separated into shoot and root) were digested with 1.5 mL of concentrated HNO3 at 115 °C on 
hot block digester (SCP Science, Champlain, NY) until most of the tissues were dissolved. After cool 
down, 1mL H2O2 was added and the mixture was digested on a hot block for another 25 min. The 
sample was further diluted with DI water before the determination on ICP-OES. 
 
2.4 Results and discussion  
2.4.1 Characterization of nanoparticles 
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The surface charge and hydrodynamic diameter of nanoparticles were listed in Table 2.1. The 
metal-based NPs were with a primary size under 30 nm; the MWCNTs and its functionalized 
derivatives had unique one-dimensional structure, with an outer diameter smaller than 20 nm. The 
intensity-average hydrodynamic diameter of NPs was highly variable depending on the type of NP. 
For Ag, CuO, CeO2 and ZnO, the hydrodynamic diameter was generally 10 times of the primary 
diameter, while Al2O3, SiO2, and TiO2 demonstrated a roughly 40-fold increase hydrodynamic 
diameter, which meant that under the same sonication condition and instrumental setup, Al2O3, SiO2 
and TiO2 NPs used in this study presented a stronger tendency to form agglomerates. Among the 
metal-based NPs, Ag, SiO2, and TiO2 were negatively charged and the remained are positively 
charged.  
In carbon-based NPs, surface functionalization significantly modified surface chemistry 
characteristics. The pristine MWCNTs presented poor wettability and dispersibility, with the 
hydrodynamic diameter at 1822 nm, which have resulted from the strong hydrophobicity (Yang et al. 
2008; Tang et al. 2011). Modification of the CNTs graphene surface with carboxyl or amine groups 
notably lowered the hydrodynamic diameter and increased polydispersity index (PDI). In particular, 
COOH functionalization introduced a more negative charge on the surface (-26 mV) while NH2 
functionalization reversed the charge (+44 mV). The carboxylic acid groups on CNTs were usually 
generated from oxidization with strong oxidants (Zhang et al. 2010). For NH2-MWCNTs, the COOH-
MWCNTs were used as reaction precursors and reacted with ethylenediamine (H2N–CH2–CH2–NH2 to 
form an amide linkage with MWCNTs (Eitan et al. 2003; Balasubramanian and Burghard 2005). 
Functionalization of CNTs with COOH or NH2 facilitated the dispersion MWCNTs in water and 
significantly changed surface charge, which may alter the actual CNTs exposure concentrations to the 
plants and change the intensity of the interaction with biological surfaces. 
 
2.4.2 Impact of NPs on crop biomass and transpiration volume 
The impact of 50 and 500 mg/L NPs or corresponding BPs on biomass production and 
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transpiration volume of hydroponically-grown rice, rye and corn were determined. As listed in Table 
2.2 and Table 2.3, the effect of NPs on biomass production and accumulative transpiration volume was 
high variable depending on the NP type, exposure concentration, and crop species.  
In metal-based NPs, CuO and ZnO generally presented the highest toxicity in biomass inhibition 
among all crop species. During the exposure, 500 mg/L CuO reduced the biomass of rice, rye and corn 
by 24%, 33%, and 45%, respectively. It was worth noting that CuO BPs and dissolved ions 
demonstrated a similar adverse effect on biomass production. In agreement with biomass data, CuO 
NPs treatment also reduced accumulative transpiration volume to the most. Similarly, ZnO 500 mg/L 
inhibited the biomass production of rice, rye and corn by 18%, 31%, and 22%. And the inhibition was 
only observed in higher concentrations of ZnO BPs and ion control. Notably, the inhibition in plant 
growth induced by CuO and ZnO exposure was not significantly different from the corresponding ion 
controls, indicating that the dissolved species of CuO and ZnO NPs may be largely responsible for 
their phytotoxicity. Among all metal-based NPs, CuO and ZnO had the highest ion dissolution rate, 
resulting in 5 mg/L Cu2+ from 500 mg/L CuO NPs and 2.5 mg/L Zn2+ from 500 mg/L ZnO NPs 
(preliminary data). The toxicity of CuO and ZnO NPs has been previously recognized and their 
dissolved species mainly contributed to the phytotoxicity (Chang et al. 2012; Cronholm et al. 2013; 
Dimkpa et al. 2013; Bradfield et al. 2016). In regardless of the particle size, the dissolution rates were 
reported in other literature as 5-12% for CuO NPs and BPs (80-270 mg/L) and 2-15% for ZnO NPs 
and BPs (100 mg/L) (Franklin et al. 2007; Griffitt et al. 2007; Midander et al. 2009; Gunawan et al. 
2011; Li et al. 2013). In addition, Dimkpa et al reported that the bioaccumulation of Cu and Zn in 
wheat was mainly in forms of Cu(I)-sulfur complexes and Zn-phosphate (Dimkpa et al. 2012). 
Therefore, the phytotoxicity of CuO and ZnO was confounded with the presence of considerable 
dissolved ions.  
The nanoparticles of Ag, CeO2 and Al2O3 presented moderate phytotoxicity in biomass and 
transpiration, following CuO and ZnO. In general, the adverse effect on biomass was more observable 
in NPs compared to BPs; and furthermore, within BPs or NPs, the inhibition increased with exposure 
concentration. Taking Ag as an example, the biomass and transpiration volume were separately 
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depicted in Figure 2.3. The amount of soluble Ag from 50 and 500 mg/L Ag NPs was determined in 
preliminary tests and equivalent to Ag+ in 1.3 and 4.9 mg/L AgCl solution. In corn plants, the exposure 
to ion controls had no significant impact on plant biomass, but the corresponding Ag BP at 500 mg/L 
and NPs at both 50 and 500 mg/L did inhibit the plant growth. The comparisons among the Ag-related 
treatments indicated that the phytotoxicity of the NPs could not be fully attributed to their dissolved 
ions (Dimkpa et al. 2013). Vannini et al measured the proteomic changes induced by Ag NPs in wheat 
seedlings and suggested that the plant regulated the enzyme production to help cells produce more 
reducing power to facilitate the response to AgNP stress (Vannini et al. 2014). In spite of toxicity from 
dissolved species, the allocation of more energy to defense responses in roots may also be responsible 
for inhibited plant growth (Vannini et al. 2014). In addition, Sosan et al investigated the plasma 
membrane currents on root cell protoplast and reported that Ag NPs could inhibit the plasma 
membrane K+ efflux and Ca2+ influx currents or cause membrane breakdown, which was not observed 
in corresponding BPs-exposed roots (Sosan et al. 2016). As observed in treated plants, the adverse 
effect was evident in roots (Figure 2.4), which suggested that roots may be the principal targets of 
toxicity. In line with Ag, the CeO2 showed significant inhibition relative to the ion controls and BPs, 
although CeO2 NPs were found less phytotoxic compared to Ag NPs. The previous study showed that 
CeO2 NPs remained coordinated as CeO2 in plants (Hernandez-Viezcas et al. 2016). The literature on 
the phytotoxicity on CeO2 had fairly conflicting results on biomass and transpiration, chlorophyll 
content and antioxidant enzymes (Du et al. 2015; Andersen et al. 2016). And the mechanism of CeO2 
remains unclear. Interestingly, the relatively lower phytotoxicity Al2O3 NPs was only observed in rice 
and rye at the concentration of 500 mg/L. The results were consistent with previous studies on Al2O3 
NPs. Yanık et al reported the phytotoxicity of Al2O3 NPs in wheat roots with morphological, cellular, and 
molecular alterations, but with an extremely high concentration of 50 mg/ml (Yanık and Vardar 2015). The 
dissolution of Al2O3 was reported to be very low, with 0.4 mg/L Al3+ from 400 mg/L Al2O3 NPs 
(Wang et al. 2009). The fact of low dissolution and the observed phytotoxicity only in 500 mg/L NPs 
agreed with the abovementioned speculation that dissolved species only partially accounted for 
nanoparticles phytotoxicity and a nanoparticle-specific toxic mechanism may exist.          
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Among mental-based NPs, SiO2 and TiO2 generally presented low to no impact on biomass and 
transpiration. For SiO2 NPs, the plant biomass of all three crops was not affected, but the transpiration 
volume of rice and rye plants was reduced. Compared to other nanomaterials, limited researches were 
focused on SiO2 NPs. Instead, SiO2 NPs with surface-functionalization were recognized as a 
promising safe material to deliver DNA and drugs into plants (Torney et al. 2007). Interestingly, the 
TiO2-treated rice and rye plants had slightly increased biomass compared to control, and TiO2-treated 
rice and corn plants had increased transpiration volume relative to controls, although the enhancement 
was not beyond statistical significance. The biomass and transpiration assay at seedling stages were 
primary parameters for phytotoxicity screening and the two endpoints may not be sensitive enough to 
provide conclusive evidence for the impact of TiO2 on the plant. More tests on molecular levels were 
warranted in order to investigate the implications of TiO2 on agricultural plants.    
Comparing to the metal-based NPs, carbon-based NPs generally presented low impact on 
biomass and transpiration. Notably, the rice biomass production was inhibited by 500 mg/L pristine 
MWCNTs; however, under exposure to functionalized MWCNTs, the parameter was not affected. Due 
to the high exposure concentrations, the extensive loading of tubes onto the plant roots may possibly 
block the pathways for water uptake. And it was reasonable that the pristine MWCNTs with poor 
dispersion stability may form agglomerates/clusters and settle onto root surface to a greater extent 
than functionalized MWCNTs. However, considering the overall low toxicity on seedlings and this 
abovementioned significant difference between raw and functionalized MWCNTs observed in rice 
plant alone, the assertion that raw MWCNTs were more phytotoxic than functionalized ones would 
require further examination.  
In regardless of NP type, the phytotoxicity of NPs was dependent on crop species. For example, 
the rye plants were found to be more sensitive to CeO2 NPs. In particular, the growth of rye plants was 
inhibited by 44% after exposure to CeO2 NPs at 50 mg/L while the growth of rice and corn plants was 
not affected. The species-specific toxicity would require more investigation into molecular and genetic 




2.4.3 The accumulation of metals into crops 
Among all NPs, the bioaccumulation of Ag and CeO2 was of special interest, due to the 
significant difference of phytotoxicity as related to particle size and exposure concentrations. On 
average, the elemental concentration in root was 80-folder greater than the shoot concentration, 
indicating relatively low transfer potentials from root to shoot.  
The Ag content in root and shoot tissues under different Ag treatments was depicted in Figure 
2.2. Under 500 mg/L Ag NPs exposure, the Ag in shoot tissues reached 159, 146 and 67 µg/g in rice, 
rye and corn, respectively. Ag accumulation in Ag+-treated plants was significantly lower than that in 
particles-exposed plants, suggesting that either the presence of plants enhanced dissolution Ag 
particles or the Ag penetrated into plants in forms of particles. Not surprisingly, at the same exposure 
level, BPs exposure resulted in significantly lower Ag accumulation compared to NPs. A similar trend 
was observed in plant Ce content, as shown in Figure 2.3. Under 500 mg/L CeO2 NPs exposure, the 
Ce in shoot tissues reached 151, 397 and 20 µg/g in rice, rye and corn, respectively. The Ce 
accumulation was generally elevated under NP exposure compared to BP exposure, except that at 
lower exposure level the difference between BPs and NPs was less significant in rice and corn plants. 
Although significantly higher Ag and Ce from NP exposure were detected in the plant tissue, the 
instrumental analysis did not distinguish the NPs from ionic species in tissues, therefore, the form of 
Ag or Ce in vivo remains largely unknown. Feichtmeier et al identified the Ag NPs of 20, 60 and 80 
nm from ionic Ag in parsley plants using solid sampling high-resolution–continuum source atomic 
absorption spectrometry (HR-CS AAS); however, this method was size-specific and required 
improved quantification (Feichtmeier and Leopold 2013). López-Moreno et al investigated the 
accumulation of CeO2 NPs in alfalfa, corn, cucumber and tomato and used X-ray absorption 
spectroscopy (XAS) to identify the presence of CeO2 NPs in the root (Lopez-Moreno et al. 2010). 
Further studies need to be performed to separate NPs from ionic forms and quantify the species.  




In summary, this preliminary screening study compared the phytotoxicity of 11 nanomaterials in 
three crop species through biomass and transpiration assays. Under identical exposure condition, CuO 
and ZnO NPs presented the highest toxicity to crops; Ag, CeO2 and Al2O3 presented moderate toxicity, 
suggesting that the dissolve ions was only partially responsible for the phytotoxicity of NPs; SiO2 and 
TiO2 were found to have low impact on seedling growth. The accumulation of metals in plant tissues 
was significantly elevated by NPs exposures compared to BPs. In order to elucidate the impact and 
bioaccumulation of NPs in the plants, further studies into plant physiology under NP exposure and 
improved quantification method for NPs in biological samples would be required.  
 
Table 2.1. A summary table of nanoparticles characterization. 

















Ag 20 nm 202.9 ± 4.6 -19.03 ± 2.65 5.87 99.99% US-nano 




CuO 25-55 nm 546.3 ± 35.6 15.56 ± 2.10 6.16 99.95% US-nano 
CeO2 10-30 nm 355.1 ± 12.0 29.59 ± 8.89 5.52 99.97% US-nano 
SiO2 15-20 nm 802.0 ± 97.3 -26.92 ± 3.96 5.24 >99.5% US-nano 
TiO2 (anatase) 10-25 nm 910.3 ± 39.2 -1.63 ± 3.40 6.12 >99% US-nano 












C60 0.7 nm 
b 692.7 ± 60.2 -14.73 ± 3.04 5.17 99.5% SES research 
MWCNTs 
O.D.< 8 nm; I.D. 2-




-8.18 ± 3.42 5.15 95wt% Cheaptubes 
NH2-MWCNTs 
O.D. 13-18 nm; I.D. 
4 nm; length 1-12 
um 
563.6 ± 2.4 43.95 ± 4.15 6.24 99% Cheaptubes 
COOH-MWCNTs 
O.D. < 8 nm; I.D. 
2-5 nm; length 10-
30 um 
359.2 ± 7.9 -25.85 ± 1.08 6.36 95wt% Cheaptubes 
a Hydrodynamic diameter, zeta potential and pH of nanomaterials were determined based on a nominal concentration of 50 mg/L. All 
suspensions were prepared in DI water without salts or dispersing agents. 




Table 2.2. Effect of 11 nanoparticles on biomass increase (g) of rice, rye and corn over a 12-d 
hydroponic exposure a. 
Crop Particle type Control 
Ion low 
(~ 1 mg/L) 
Ion high 










Ag 0.23 0.20 0.17 * 0.18 0.16 ** 0.19  0.15 ** 
Al2O3 0.45  0.38 0.42 0.37 0.33 * 0.37 0.34 * 
CuO 0.33 0.32 0.28 ** 0.27 ** 0.27 ** 0.26 ** 0.25 ** 
ZnO 0.33 0.29 0.28 * 0.30 0.29 0.28 ** 0.27 ** 
CeO2 0.72   0.67 0.61 * 0.62 0.61 * 
SiO2 0.40   0.31 0.33 0.35 0.31 
TiO2  0.67   0.73 0.74 0.72 0.73 
C60 0.33   
0.30 0.32 0.31 0.30 
MWCNTs 0.45 
  
0.42 0.35 0.39 0.33 * 
NH2-MWCNTs 0.45   
0.42 0.35 0.39 0.39 
COOH-MWCNTs 0.42 
  
0.39 0.33 0.39 0.40 
Rye 
Ag 0.41 0.34 0.31 * 0.34 0.31 * 0.34 0.30 * 
Al2O3 0.34 0.31 0.27 0.32 0.25 0.25 0.23 * 
CuO 0.43 0.38 0.31 * 0.35 0.33 * 0.29 ** 0.29 ** 
ZnO 0.32 0.26 0.26 0.27 0.26 * 0.27 0.22 ** 
CeO2 0.59   0.41 0.32 ** 0.33 ** 0.35 ** 
SiO2 0.43   0.36 0.36 0.38 0.29 
TiO2  0.37   0.34 0.37 0.36 0.42 
C60 0.47   
0.38 0.34 * 0.45 0.41 
MWCNTs 0.31 
  
0.29 0.29 0.28 0.29 
NH2-MWCNTs 0.31   
0.29 0.29 0.32 0.30 
COOH-MWCNTs 0.31 
  
0.29 0.29 0.31 0.29 
Corn 
Ag 1.01 0.76 0.77 0.83 0.69 * 0.67 * 0.52 ** 
Al2O3 1.25 1.09 0.97 1.04 0.92 1.08 1.12 
CuO 0.84 0.53 * 0.55 * 0.63 0.53 * 0.42 ** 0.46 ** 
ZnO 0.81 0.73 0.65 * 0.72 0.65 * 0.69 0.63 ** 
CeO2 1.04   0.89 0.70 0.72 0.60 * 
SiO2 0.83   0.81 0.76 0.74 0.64 
TiO2  0.97   1.07 0.98 0.86 0.71 
C60 0.78   
0.84 0.92 0.74 0.82 
MWCNTs 1.00   0.82 0.86 0.94 0.84 
NH2-MWCNTs 1.00   0.82 0.86 0.92 0.78 
COOH-MWCNTs 1.00   0.82 0.86 0.78 0.76 * 
a The data are averaged biomass increase based on 6 replicate. The relative standard errors (RSE) of all values are within 6%, and all 
standard errors in the range of 0.01-0.05. One-way ANOVA and Tukey’s test was employed for significance analysis, with p ≤0.05 












Table 2.3.  Effect of 11 nanoparticles on accumulative transpiration volume (g water) of rice, rye and 
corn over a 12-d hydroponic exposure a. 






































































8.85 **  
(0.92) 





















































































































































































































































































































































































a The data are presented as mean (standard error), n=6. One-way ANOVA and Tukey’s test was employed for significance analysis, 
































































Figure 2.1. The impact of Ag NPs and BPs on plant biomass increase and accumulative transpiration 
volume. All data are presented as mean ± standard deviation, n=6. The statistical differences between 




















Figure 2.2. The observable growth inhibition in Ag NPs-exposed rye plants over a 12-day hydroponics 











Figure 2.3. Silver concentration in shoots and roots of rice, rye and corn after plants were exposed to 
Ag+, Ag BPs, Ag NPs for 12 d. Ag NPs-exposed plants accumulated dramatically higher level of silver 
in both root and shoot than other treatments in all three species. All data are presented as mean ± 
standard deviation, based on a sample size of 4. One-way ANOVA and Tukey’s test were used to 
determine statistical differences between treatment means. Values for bars followed by different letters 





Figure 2.4. Cerium concentration in shoots and roots of rice, rye and corn after plants were exposed to 
CeO2 BPs and NPs for two weeks. NPs-exposed plants accumulated dramatically higher level of 
cerium in both root and shoot than other treatments in all three species. All data are presented as mean 
± standard deviation, based on a sample size of 4. One-way ANOVA and Tukey’s test were used to 
determine statistical differences between treatment means. Values for bars followed by different letters 







RICE (ORYZA SATIVA L.) PLANTS UPTAKE AND ACCUMULATE TIO2 NANOPARTICLE 
WITH ENHANCED VEGETATIVE GROWTH UNDER LONG-TERM EXPOSURE 
 
3.1 Abstract 
The release of TiO2 nanoparticles into the agro-environment has raised concerns on food safety 
and sustainable agriculture. Thus, it is necessary to investigate the uptake and accumulation of TiO2 
nanoparticles in agricultural crops as well as the associated impact on plant growth performance. 
Through a chronic TiO2 nanoparticles exposure with rice (Oryza sativa L.) plants at 5 mg/L and 50 
mg/L, we here report that TiO2 NPs were able to penetrate into the plant root and result in Ti 
accumulation in aboveground tissues at a significantly higher level compared to when rice were 
exposed to bulk TiO2 particles. Over a 9-week exposure to TiO2 nanoparticles, the Ti concentration in 
rice plants decreased with substantial biomass increase and reached 9.2 mg Ti/kg and 650 mg Ti/kg 
per dry weight in leaves and roots, respectively. Meanwhile, plant growth performance was not 
affected until the 4th week when TiO2 NP-treated rice plants started to demonstrate enhanced 
vegetative growth, including increased total biomass, root biomass, and transpiration rates. At the end 
of first week, H2O2 overproduction with activated ascorbate peroxidase (APX) and catalase (CAT) 
activities was also observed; however, oxidatively induced DNA base damage was not observed. 
These results suggest that the long term effect of TiO2 nanoparticles exposure on plant growth could 




3.2 Introduction  
The inclusion of nanotechnology in nano-enabled products is expected to impact a wide range of 
industries and the incorporation of nanomaterials is expected to continue increasing in future years. In 
particular, TiO2 nanoparticles are extensively incorporated into a large variety of commercial products, 
including sunscreen/cosmetics, gas sensors, pigments/coatings, food additives, drugs, and 
agrochemical sprays (Chen and Mao 2007; Weir et al. 2012). Widespread use of TiO2 NPs will 
inevitably lead to the release of particles into the environment with predicted concentrations up to 16 
µg/L in surface water and 0.47 mg/kg in sludge-treated soil, concentrations much higher than those for 
ZnO NPs, Ag NPs, carbon nanotubes or fullerenes (Mueller and Nowack 2008; Gottschalk et al. 2009; 
Musee 2011; Gottschalk et al. 2013). Potential accumulation of TiO2 NPs in plants may introduce 
titanium into the food chain, and the fundamental information is needed on the interactions between 
TiO2 NPs and plants, to identify and evaluate possible risks in food safety. 
Though several studies on TiO2 NPs interacting with terrestrial plants have been published, 
definitive conclusions on TiO2 NP bioavailability and toxicity have not yet been reached. An early 
study used 2.8 nm Aliarin red S-bound (ARS) TiO2 NPs to test the uptake potential in Arabidopsis 
seedlings (Kurepa et al. 2010). However, the surface sites of these TiO2 NPs were saturated with 
sucrose before ARS-labeling, which may modify nanoparticle uptake potentials. In a later study 
involving TiO2 NPs with diameters from 14 nm to 655 nm, a threshold diameter of 140 nm was 
reported as the size limit for wheat uptake. Although this study reported that TiO2 NPs did not undergo 
in vivo crystal phase modification, mechanistic explanation on how TiO2 NPs were absorbed into the 
plant was still vague (Larue et al. 2012). Based on the lack of dissolution, modification, or 
transformation of TiO2 in plants in previous studies, elemental Ti concentrations above the 
background concentration within plants following TiO2 NP exposure would unequivocally reflect 
particles uptake and accumulation.  
The results from phytotoxicity tests with TiO2 NPs are also inconsistent. In a study on narbon 
Bean (V. narbonensis) and tobacco (N. tabacum), inhibition in growth development and oxidative 
damage at cellular and molecular levels were reported when plants were exposed to TiO2 NPs at 
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concentrations of 2000 mg/L to 5000 mg/L (Ghosh et al. 2010; Castiglione et al. 2014; Frazier et al. 
2014). Moreover, most other previous studies, with relatively lower concentrations (100 mg/L-2000 
mg/L), reported no significant difference between TiO2 NP-treated plants and control, including 
endpoints such as germination rate, root elongation, biomass, evapotranspiration, photosynthesis and 
anti-oxidative enzymes (Du et al. 2011; Larue et al. 2012; Larue et al. 2012). Despite the inconsistent 
results from various exposure conditions, the impact of TiO2 NPs on plants was mainly tested in seeds 
or seedlings within a short time period (3 d to 7 d). Chronic TiO2 NP exposure using low 
concentrations and long exposure duration has not yet been investigated. 
In order to assess bioaccumulation potential of nanoparticles in agricultural crops and investigate 
the impact of chronic TiO2 NPs on plant growth, the present study evaluated the uptake of TiO2 NPs in 
hydroponically-grown rice plants over 9 weeks till panicle initiation. Enhanced vegetative growth, 
including increased total biomass, root biomass, and transpiration rates were not apparent until the 4th 
week. While TiO2 NPs were observed in plant root cells, Ti accumulation under NP exposure was 
found to be significantly larger than from bulk-sized TiO2 particles (TiO2 BPs) exposure. This study 
provided useful information about varying influx and continuous accumulation of TiO2 NPs over time, 
as well as the potential long-term impact of NPs on crop growth performance. 
 
3.3 Materials and methods 
3.3.1 Characterization of TiO2 nanoparticles 
TiO2 nanoparticles (SRM 1898) were acquired from the National Institute of Standards and 
Technology (Gaithersburg, MD), with a purity of 99.5%, particle size from 19 nm to 37 nm and a 
mixed-phase of anatase and rutile polymorphs. Established as a reference material for toxicity tests, 
SRM 1898 has been previously characterized as having a specific surface area of 55.55 ± 0.70 m2/g 
(Taurozzi et al. 2012; Petersen et al. 2014). Elementally similar TiO2 BPs (purity 98.0% to 100.5%) 
were purchased from Acros Organics (New Jersey, USA). Both TiO2 NPs and BPs were further 
characterized using a JEOL 2000FX transmission electron microscope (TEM), which was operated at 
an accelerating voltage of 200 kV. Because no stabilizing agents were used in TiO2 NP suspensions 
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with rice plants, hydrodynamic size and zeta potential of TiO2 NPs were determined in Milli-Q water 
using a Nano Zetasizer (Malvern Instrument Ltd, Worcestershire, UK) shortly prior to exposure. 
 
3.3.2 Plant cultivation and exposure assay   
Seeds of rice (Oryza sativa L., Nipponbare) were obtained from the USDA Dale Bumpers 
National Rice Research Center (Stuttgart, Arkansas). Following surface sterilization in 5% bleach 
solution for 15 min and heat stimulation in 50 ºC water bath for 4 h, seeds were allowed to germinate 
on moist filter papers in sterile Petri dishes until the development of the first true leaf. Selected 
uniform rice seedlings were then transplanted to aerated hydroponic pots in a greenhouse (University 
of Massachusetts, Amherst). Rice plants grew under the controlled average temperature of 24 ºC and 
18 ºC during the day and night, respectively, with 4 h supplemental light (PAR source, 400 μmols·m-
2·s-1). Each pot was used to expose three rice plants after filling with 3.6 L Hoagland nutrient solution, 
including macronutrients (288 mg/L NaNO3, 38 mg/L NaH2PO4, 446 mg/L KCl, 555 mg/L CaCl2 and 
240 mg/L MgSO4) and micronutrients (0.5 mg/L H3BO3, 0.5 mg/L MnCl2·4H2O, 0.05 mg/L 
ZnSO4·7H2O, 0.02 mg/L CuSO4·5H2O, 0.01 mg/L H2MoO4·H2O and 1.0 mg/L NaFe-EDDHA). The 
Hoagland nutrient solution was refreshed every week.  
Each week, rice plants were exposed to 0, 5 mg/L and 50 mg/L TiO2 NPs for 24 h in 
separate glass containers wrapped with aluminum foil, while 5 mg/L and 50 mg/L TiO2 BPs were 
employed as bulk control particles. After exposure for 24 h, plants were carefully transferred to 
water without TiO2 to avoid physical damage and minimize disturbance to the plants. A 
previously standardized method was used to disperse the TiO2 particles in Milli-Q water by 
sonication with a probe sonicator (Misonix S-4000, Farmingdale, NY, USA) at a delivered power 
of 50 W and in 80% pulsed mode for 15 min (Taurozzi et al. 2011; J. S. Taurozzi 2012; Taurozzi 
et al. 2012). Each treatment had 7 pots, and three plants from each pot were harvested at the end 
of 1st, 4th and 9th week. Plants were planned to be harvested after they reached full maturity. 
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However, the plants presented different growth rates over time. Therefore, the last batch of plants 
was harvested at the 9th week before more developed plants started yellowing. 
 
3.3.3 Determination of Ti in plant tissue 
Upon harvest, rice plants were rinsed with Milli-Q water and separated into roots and leaves. All 
tissues were oven-dried for 2 d at 80 ºC before being digested using a CEM MARS5 microwave 
sample preparation system (Matthews, NC). The samples (0.02 g - 1.5 g) were placed in Teflon 
vessels with 10 ml of concentrated HNO3 (VERITAS Redistilled, GFS Chemicals, Powell, OH) and 1 
ml of concentrated HF (Reagent ACS, GFS Chemicals) and allowed to pre-digest overnight. All 
samples were evaporated to near dryness and reconstituted to contain 1 % HNO3/1 % HF. The final 
samples yielded a target Ti mass fraction of 30 µg/kg with 20 µg/kg Sc as an internal standard. 
The plant samples were analyzed by the PerkinElmer 5300DV inductively coupled plasma-
optical emission spectrometer (ICP-OES) instrument (Shelton, CT). Operating parameters were 
optimized for robust conditions (power: 1.5 kW, nebulizer gas: 0.6 L/min and sample uptake: 0.7 
mL/min). The calibration was performed by using the method of standard additions to compensate for 
any matrix effects. 
 
3.3.4 TiO2 nanoparticles in vivo 
Roots and shoots were sampled at the end of the first week for direct observation of TiO2 NPs in 
vivo. Tissues were pre-fixed in monobasic phosphate buffer containing 4% formaldehyde and 1% 
glutaraldehyde (pH 7.2 to 7.4) for 2 h under vacuum, and post-fixed in 1% osmium tetroxide/0.1 M 
phosphate buffer for 1 h at room temperature. Subsequently, tissues were rinsed with a graded ethanol 
series to 100% ethanol and then with acetone. Following infiltration and embedding with Spurr’s low 
viscosity resin (Spurr 1969; Atha et al. 2012), the epoxy resin were polymerized in 60 °C oven for 24 
h. Blocks containing plant tissues was sectioned on an ultracut microtome and loaded on Gold TEM 
grids (G200HSG, 200 Mesh, Ted Pella, Inc., Redding, CA) for observations under a scanning 
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transmission electron microscope with an energy dispersive spectroscopy attachment (STEM-EDS).  
3.3.5 H2O2 production and related antioxidant enzymes  
Reactive oxygen species (ROS) generation and oxidative stress are hypothesized to be the most 
likely causes for NP-induced phytotoxicity (Nel et al. 2006). In an effort to elucidate the impact of 
TiO2 NPs on the growth performance of rice plants at early growth stages, the generation of H2O2 and 
the activities of related antioxidant enzymes (catalase, CAT; ascorbate peroxidase, APX; superoxide 
dismutase, SOD; peroxidase, POD) in plants were tested. The tests were performed at the end of the 
first week, at the same time with TEM observation and DNA damage tests.  The determination of 
H2O2 levels was made through a modified 3,3'-diaminobenzidine (DAB) staining method 
(ThordalChristensen et al. 1997; Bindschedler et al. 2006; Daudi et al. 2012). Briefly, fresh leaves 
were immersed in DAB staining solution for 8 h and were then devoid of chlorophyll through 
bleaching solution. Brown precipitate formed by DAB reacting with H2O2 was photographed under a 
microscope (Olympus SZ61, Japan). To determine the activities of antioxidant enzymes, fresh plant 
tissues were frozen with liquid nitrogen and ground before extraction. Enzyme activity units (U) were 
expressed relative to total protein content (U/mg protein). The total soluble protein content of enzyme 
extracts was determined using a Bradford assay (Zor and Seliger 1996). The methods of CAT, POD, 
APX and SOD determination were modified from previous studies (Beyer and Fridovich 1987; Chen 
and Asada 1989; Gallego et al. 1996). 
To eliminate potential artifacts in the assays, control experiment for H2O2 production assay were 
conducted at the same time. Additional one-week seedlings were exposed in the dark or under yellow 
light at identical conditions before DAB staining. Microscopic observations revealed that the light 
source did not affect the in vivo production of H2O2 under 24 h TiO2 exposure. Second, to recognize 
possible surface contamination, the leaf was immersed in TiO2 suspensions before being observed for 
H2O2-induced brown precipitates. H2O2 production from TiO2 surface contamination was later 




3.3.6 DNA extraction and determination of DNA base lesions 
Under conditions of oxidative stress, both mutagenic and cytotoxic DNA base lesions can form 
due to hydroxyl radical (·OH) attack on duplex DNA.  Previous studies have shown that metal and 
metal oxide based nanoparticles have the ability to generate oxidatively induced DNA damage when 
tested in both in-vitro and in-vivo exposure models (Petersen and Nelson 2010; Atha et al. 2012; 
Petersen et al. 2014). In order to determine the amount of nanoparticle-induced DNA damage in the 
present study, the levels of three oxidatively modified DNA bases [8-hydroxyguanine (8-OH-Gua), 5-
hydroxy-5-methylhydantoin (5-OH-5MeHyd) and 8-hydroxyadenine (8-OH-Ade)] were measured in 
rice plants after one-week exposure. Genomic DNA was extracted according to a modified 
cetyltrimethylammonium bromide (CTAB) extraction buffer method (Michiels et al. 2003). Before the 
instrument analysis, DNA aliquots of 50 μN were spiked with stable isotopically-labeled analogs of 
each base lesion (8-OH-Gua-15N5, 5-OH-5-MeHyd-13C,15N2 and 8-OH-Ade-13C,15N2). The 
determination of DNA lesions was performed on a GC/MS system (6890N Network GC coupled with 
5973 Network Mass Selective Detector, Agilent Technologies, Inc., Rockville, MD) using previously 
described methodology (Atha et al. 2012).  
 
3.3.7 Statistical analysis 
All data were tested for normality and equal variance, through Shapiro-Wilk’s test and/or 
Bartlett's test. If data were not normally distributed, log transformation was performed before 
statistical analysis. Significant difference in plant biomass data, Ti concentrations and enzyme activity 
levels were statistically analyzed using one-way ANOVA followed by Tukey's multiple comparison 
test when data were normal and homogenously distributed. The DNA damage data were analyzed 
using one-way ANOVA followed by Dunnett's multiple comparison test. Statistical significance (when 




3.4 Results and Discussion 
3.4.1 Characterization of TiO2 nanoparticles 
TiO2 NPs, observed under TEM and analyzed through imageJ, were calculated to have a primary 
size of approximately 27.5 nm ± 2.7 nm based on a count of more than 300 individual NPs. This result 
was in good agreement with the reported ranges (19 nm to 37 nm) in the manufacturer’s 
specifications, and similar to the previously published value of 24 nm (Taurozzi et al. 2012). Because 
plant exposure lasted for 24 h each time, the hydrodynamic diameter of TiO2 NPs suspended in Milli-
Q water was also determined through dynamic light scattering (DLS) before and after exposure, with 
and without plants. Measurements performed after 24 h utilized liquid from the top in the exposure 
container without sonication. In NP suspensions without plants, the hydrodynamic diameters of TiO2 
NPs remained relatively unchanged at both exposure concentrations over time (Table 3.1). In contrast, 
the NP suspensions with plants showed agglomeration and sedimentation with white agglomerates 
visible on the roots. The hydrodynamic diameter of TiO2 NPs increased dramatically in the presence 
of plant roots, from 176.6 ± 1.2 nm to 363 ± 23.5 nm, and from 184 ± 2.1 nm to 884 ± 155.1 nm in the 
5 mg/L and 50 mg/L suspensions, respectively. These results indicated strong 
aggregation/agglomeration occurred in the presence of the plant roots. It was previously reported that 
rice roots could release a complex mixture of highly soluble carbohydrates (glucose, mannose, 
galactose, etc.,), organic acids (citric, tartaric, succinic, etc.,) and amino acids (proline, valine, alanine, 
glycine, etc.,) (Aulakh et al. 2001; Bacilio-Jiménez et al. 2003; Seal et al. 2004). It was speculated 
that these organic exudates were adsorbed onto the particle surfaces through metal-binding functional 
groups. Therefore, the exudates may alter electrostatic repulsion and steric repulsion between particles 
and accelerate aggregation/agglomeration in NP suspensions (Zhang et al. 2009; Aiken et al. 2011; 
Thio et al. 2011). These interactions between TiO2 NPs and root exudates are prevalent in natural 
settings, and likely to affect the biocompatibility, uptake, and bioaccumulation of NPs in plants. TiO2 
BPs were not included in this discussion due to fast deposition, limited suspended particle numbers 
and agglomerate/aggregate sizes that were greater than the DLS measurement range. Though root 
exudates were speculated to affect stability and bioavailability of TiO2 NPs, the exposures were 
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performed in a relatively simple system. Plants were exposed to particles suspended in Milli-Q water 
instead of the plant nutrition media, to avoid potential nutrient depletion from TiO2 NPs adsorbing 
inorganic components such as Ca2+ or even faster agglomeration and deposition (Horie et al. 2009; 
Petersen et al. 2014). However, in a natural setting with soil environment, additional research is 
needed in order to study the fate of TiO2 NPs under various environmental conditions. 
 
3.4.2 Growth performance affected by TiO2 NPs 
Growth performance of rice plants was closely monitored over 9 weeks. Though treated plants 
differed in growth progress, this growth phase of rice plants could generally be divided into early 
(seedlings with seminal roots develop from week 1 to 2), mid (vegetative growth from week 3 to 7) 
and late (panicle initiation and reproduction growth starting from week 8) stages. Harvested dry mass 
was recorded at the end of the 1st, 4th and 9th weeks. Statistical analysis showed no significant 
difference in plant biomass at the end of the first week when rice seedlings among all treatments had 
limited biomass production.  This finding was in agreement with previous TiO2 NPs studies on 
seedlings of other species (Ghosh et al. 2010; Castiglione et al. 2011; Du et al. 2011; Foltete et al. 
2011; Song et al. 2013; Burke et al. 2014; Castiglione et al. 2014; Fan et al. 2014). However, plants 
treated with 50 mg/L TiO2 NPs demonstrated significantly greater total biomass accumulation starting 
from the 4th week (Figure 3.1). Root growth was also enhanced with 50 mg/L TiO2 NPs. Similarly, 
activation on root growth was also reported in cucumber plants after a 30-day exposure (Servin et al. 
2012). The activation of plant root growth was speculated to be a consequence of increased nitrogen 
accumulation and protein formation (Yang et al. 2007; Servin et al. 2012). It is possible that a variety 
of nitrogen-containing compounds were rapidly metabolized in the plants due to the stress caused by 
NP exposure, but this hypothesis requires further investigation. In accordance with biomass 
production, the transpiration rate from treated plants was not statistically different from control plants 
until the 4th week. In contrast to former studies reporting growth inhibition in wheat or tobacco 
seedlings (Du et al. 2011; Frazier et al. 2014), prolonged exposures reveal that TiO2 NPs were able to 
promote plant growth, including total and root biomass increase, and root development. Excessive 
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biomass production in vegetative growth introduced uncertainties into following reproductive growth. 
It was worth noting that NP-treated plants not only developed faster in vegetative stages, but also 
started earlier in panicle initiation. However, at the time of harvest, it was difficult to find young 
panicles or grains in other treatments for comparative analysis on ICP-MS.  Future studies will focus 
on the impact of TiO2 NPs on the rice plant reproductive stage and potential epigenetic effects on the 
second generations. 
 
3.4.3 In vivo imaging of TiO2 NPs  
Before titanium was quantified in plant tissues at different time points, fresh roots and leaves 
from plants treated with 50 mg/L TiO2 NPs were sampled at the first week and analyzed with STEM-
EDS. There were no noticeable morphology changes in rice plants. STEM analysis showed that TiO2 
NPs extensively covered the root epidermal surface (Figure 3.2 b,c,d). The accumulation on the 
epidermal surface may be through mechanical adhesion or diffusion, consistent with previous studies 
(Lin and Xing 2008; Wild and Jones 2009; Zhao et al. 2012). Within the cytoplasm of the treated 
roots, electron dense dark deposits were recognized occasionally and confirmed to be elemental Ti 
through EDS analysis (Figure 3.2). These Ti-rich deposits were not observed in control plants (not 
shown). While the distribution of intracellular TiO2 NPs followed no clear pattern, particles were more 
frequently found in root outer layers and tended to appear as aggregates near plasma membranes 
(Figure 3.2 d,e). In wheat (Triticum aestivum spp.), it was also observed that TiO2 NPs (exposure at 
100 mg/L) were entrapped in endosome or vacuole-like structures (Larue et al. 2012). Unlike what 
was reported for wheat, TiO2 NPs clusters in rice roots did not show the affinity for certain cell 
organelles but appeared as free NPs close to plasma membranes. In a study on the uptake of TiO2 
using cucumber (Cucumis sativus), TiO2 particles were found to penetrate into the transport system 
under micro X-ray fluorescence (micro-XRF) and micro X-ray absorption spectroscopy (micro-XAS) 
(Servin et al. 2012; Servin et al. 2013). In agreement with those results obtained from exposed 
cucumber and wheat, TiO2 NPs were able to penetrate rice roots and enter into root cells as confirmed 
through STEM-EDS, which is the first evidence of TiO2 NPs uptake in rice plant root cells. This solid 
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evidence of TiO2 internalization by plant cells was also consistent with a variety of other metal-based 
nanoparticles, including Fe3O4, Au and Cu nanoparticles (Lee et al. 2008; Zhu et al. 2008; Judy et al. 
2012; Sabo-Attwood et al. 2012; Gardea-Torresdey et al. 2014). Intracellular TiO2 NPs clusters may 
result from the aggregation of internalized individual particulates under the dynamic physiological 
environment in the cytoplasm. It is also possible that aggregates assembled in suspension pass through 
selective cell wall pores (5 nm to 50 nm) and plasma membranes (Carpita et al. 1979; Tepfer and 
Taylor 1981).  
After internalization, TiO2 NPs have the potential to translocate into the shoots and even into 
edible regions. However, no significant accumulation of TiO2 clusters was observed in rice leaf tissues 
through STEM observation, probably due to limited transfer from roots to shoot and the low exposure 
concentration relative to other studies. Larue et al. reported 36 nm as the threshold diameter for TiO2 
NPs to translocate from root to leaves in wheat, but Servin et al. used micro-XANES spectra to reveal 
the presence of TiO2 NPs (27 ± 4 nm) in cucumber leaf tissues, without modifications in crystal phase 
(Larue et al. 2012; Servin et al. 2012). TiO2 NPs have negligible ion release at the pH used in this 
study and are reported to remain in the same chemical form in vivo (Wang et al. 2009; Servin et al. 
2012; David Holbrook et al. 2013). These results suggest that the primary particle size of TiO2 is 
likely a dominant limiting factor for plant uptake. Even though TiO2 NPs clusters were not directly 
visualized in leaf tissues, significantly higher Ti concentration in leaf tissues can be evidence of 
particle uptake as described in the following section. 
 
3.4.4 Trends in titanium accumulation in plant tissues 
Titanium accumulation in separate plant tissues was assessed through ICP-MS over the course of 
9 weeks. Despite total Ti influx increasing with time, Ti concentration (normalized by dry mass) was 
“diluted” due to substantial biomass increase. Root tissues had a clear decreasing trend in titanium 
level in all treatments (Figure 3.3). However, similar trends were not found in shoot tissues, indicating 
different ratios between the influx of titanium-containing particles into shoots and the rate of biomass 
production. Combining the information in Figures 3.1 and 3.3, the 5 mg/L and 50 mg/L TiO2 NPs 
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treated plants did not show significant difference in Ti shoot concentrations during early stages of 
exposure. After the 4th week, plants treated with 50 mg/L TiO2 NPs started to have a notably higher 
transpiration rate than other treatments, and simultaneously, Ti shoot concentration in 50 mg/L TiO2 
NPs plants rose quickly to a statistically higher level too, indicating that the mobility of Ti was not 
only restricted by particle size, but also largely dependent on the water uptake capacity of plants.  
Significance analysis from final harvested tissues is presented in Figure 3.4. Compared to the 
TiO2 BPs at identical exposure concentration, the TiO2 NPs exhibited a greater propensity to be taken 
up by plants. The final shoot Ti accumulation for the TiO2 NPs exposed plants was about 3 times that 
of the plants exposed to TiO2 BPs. Divided by the considerable biomass, 50 mg/L TiO2 NPs resulted 
in the highest titanium concentration in both roots and shoots, at each of the three harvest time points. 
In addition, titanium accumulated in shoots at a considerably lower level than that in roots, with a 
roughly two orders of magnitude difference (transfer factors shown in Table 3.2). Thus, most of the 
TiO2 NPs remained in root tissues and root tissues would probably be more stressed than aboveground 
tissues due to more intense contact.  
Bioconcentration factors (BCFs) were calculated based on the ratios of Ti concentration in plant 
tissues to that in the exposure media, to measure the ability of rice plants to take up and transport Ti 
from aquatic environments (Table 3.2). Rice plants had a BCF range of 0.12 to 0.92 from TiO2 BPs-
contaminated environments, while BCF ranged from 0.28 to 4.64 in NP exposure scenarios. The BCF 
values of the TiO2 NPs exposure were generally 2 to 7 times larger than the BPs exposures at various 
time points, indicating TiO2 NPs were more bioavailable to plants. Due to the small increases in Ti 
tissue concentration at higher exposure levels, BCF data were inversely correlated to exposure 
concentration. The negative relationship between BCFs and metal exposure concentration in aquatic 
biota has been reported extensively (McGeer et al. 2003; DeForest et al. 2007). Considering low 
exposure levels in the real environment, it is possible that the field BCF of TiO2 NPs may be higher 
than the BCF values obtained under laboratory conditions, which means the potential for plants to 
bioaccumulate and bioconcentrate TiO2 NPs may possibly be underestimated in laboratory tests from 




3.4.5 Hydrogen peroxide, antioxidant enzymes and oxidatively induced DNA base damage 
Ultrasonication and solar light irradiation of TiO2 NPs can readily generate highly reactive 
radicals, including superoxide anion (O2•
-
), hydrogen peroxide (H2O2) and hydroxyl radicals (•HO) 
(Guo et al. 2011; Petersen et al. 2014). Thereby, sonication was operated strictly for 15 min to 
minimize potential artifacts and exposure containers were wrapped with aluminum foil to mimic the 
scenario of soil system wherein photoactivation of TiO2 by natural light would be limited. Because it 
is well recognized that excess of H2O2 in plants could lead to an occurrence of oxidative stress (Gill 
and Tuteja 2010), H2O2 was chosen to represent a typical ROS in the present study. Given the 
knowledge that an adaptive response in plants would tackle ROS over-production in a timely fashion 
and H2O2 levels in tissues would decline progressively with growth (Zhao et al. 2012), H2O2 and 
related scavenging enzyme activities were measured at the end of the first week. 
While rice plants were accumulating Ti in tissues without compromising growth parameters 
during the early stage, physiological changes might occur to maintain cellular homeostasis. Though 
TiO2 NPs had low transfer factors from root to shoot, H2O2 overproduction was observed in shoots. 
Stained with DAB reagent, brown precipitates (Figure 3.5) showed overproduction of H2O2 in shoot 
of TiO2 NPs-treated rice plants, in a concentration-dependent manner. Employed as control purposes, 
surface contamination onto leaf may also induce production of H2O2 as a few random brown 
precipitates were observed in leaf when the leaf was previously immersed in TiO2 suspensions 
(preliminary data). However, the stimulated surface contamination scenario only resulted in relatively 
much less production of H2O2 compared to the root exposure and rarely produced brown precipitate in 
adjacent intact leaf, which may indicate that the stress in rice seedlings was more related to absorbed 
TiO2 NPs in vivo or root surface-adhered TiO2 NPs. As a consequence of observed H2O2 
overproduction, the enzymatic activity of related antioxidants in rice plants was analyzed. In control 
experiment, all four enzymes presented no significant changes in activity when TiO2 suspensions were 
added later into enzyme extract of control plants (data not shown). As shown in Figure 3.6, SOD 
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activity, responsible for superoxide radicals’ elimination and conversion into H2O and O2, was slightly 
lowered in TiO2 NPs treated plants in comparison to control and other treatment. Following SOD 
activities, APX and CAT activities could further detoxify H2O2. APX is a fundamental component of 
the ascorbate-glutathione pathway and is required to scavenge H2O2. As illustrated in Figure 3.6, 50 
mg/L TiO2 NPs and BPs largely promoted the activity of APX, whereas the increase under NP 
treatment was greater than for plants exposed to BPs. However, exposure at lower NPs concentration 
(5 mg/L) did not modify APX activity level in rice plantlets, indicating exposure at low TiO2 level 
may be well adapted by plants and not able to disturb redox state of plant cells. A similar trend was 
also observed in CAT activity, which was significantly activated by 50 mg/L TiO2 NPs and BPs 
relative to control plants. POD, which is a hemeprotein catalyzing oxidation of substrates (e.g., 
guaiacol) in the presence of H2O2, was also monitored together with CAT. In rice plants exposed to 
TiO2 NPs, POD level was not significantly different from control at the tested time point. With the fact 
of increased APX and CAT activity along with SOD and POD activity at the same level as control, 
rice plants presumably triggered active antioxidant system under TiO2 stress, using a diverse array of 
enzymes or possibly non-enzymatic antioxidants to avoid potential oxidative damage. After the first 
week of TiO2 NP or BP exposure, no clear signs of DNA damage were found in the rice plantlets. 
GC/MS analyses on the DNA extracted from the rice plantlets did not show a statistically significant 
accumulation of oxidatively induced DNA base lesions in comparison to the measured lesion levels in 
an unexposed control sample (Figure 3.7). These results collectively indicated that mild oxidative 
stress was observed in rice plants without further server damage. It was worth mentioning that low 
stress events that could be partially compensated for by acclimation, adaptation and repair 
mechanisms may potentially benefit plant with increased tolerance upon exposure. In this study, plants 
was exposed to TiO2 on a weekly basis and growth enhancement was noticeable after 4th week. It was 
possibly that the H2O2 overproduction and activated antioxidant enzymes in early stages may have 
helped the rice plants with enhanced tolerance and resistance to subsequent TiO2 NP exposure.   
In previous studies on the phytotoxicity of nanomaterials, most attention has been drawn on 
plants in seedling stages (Lin and Xing 2007; Cifuentes et al. 2010; Lopez-Moreno et al. 2010). 
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Seedling stage was commonly considered to be critical for NPs uptake, because particles meet less 
hindrance for movement when protective layers in root structure were not fully developed (such as 
waxy Casparian strip in exodermis). However, as demonstrated in this study, increased APX and CAT 
activities in seedlings was able to scavenge over-produced H2O2 and consequently avoid the induction 
of oxidative damage. It was speculated that under mild stress, rice plants may have succeeded in 
developing adaptive processes physiologically. So the results from tests on seedlings may not be 
representative of long-term impacts on plants. Considering the overall tests, the impact of TiO2 NPs, 
unforeseen in seedling stage, may impact plant growth in the long term. Vegetative growth benefited 
from chronic exposure of TiO2 NPs at low dosage.   
 
3.5 Conclusion  
The elemental analysis and STEM-EDS together pointed to the bioaccumulation of TiO2 NPs in 
rice plants and the presence of particles was observable in root tissues. The Ti accumulated in rice 
plants under NP exposure was significantly higher than that under BP exposure, indicating a size-
dependent accumulation potential. Although the H2O2 overproduction with activated ascorbate 
peroxidase (APX) and catalase (CAT) activities was detected in the rice seedlings, enhanced 
vegetative growth including biomass production and transpiration volume became evident since 4th 
week exposure. We suggest that the impact of NPs on edible crops should be evaluated through longer 
exposure duration, since the long term effect of NP exposure on plant growth could not be foreseen 






















Figure 3.1. Biomass accumulation and transpiration rate of rice plants growing under TiO2 NPs 
exposure at 5 mg/L and 50 mg/L: (A) total biomass; (B) root biomass and (C) transpiration rate. 
Control plants were exposed to distilled water for equal time as treated plants. Data are expressed in 
mean ± SD, N=5. One-way ANOVA and Tukey’s test was employed for significance analysis, with 















































Figure 3.2. Transmission electron micrographs of TiO2 NPs under 20 kV. (a) TiO2 NPs were 
characterized in MQ water; (b-f) Transverse root sections of rice (Oryza sativa L.) grown in 50 mg/L 
TiO2 NP suspension for 24 h were observed under STEM-EDS. Microstructure, as denoted in blue, 
included exodermis (exo), sclerenchyma (scl), epidermis (epi), cell wall (cw), intercellular space (is) 
and cytoplasm (cy). Condensed dark spots, shown with red arrow, represented TiO2 NPs and were 



















Figure 3.3. Titanium accumulation in rice roots (A) and shoots (B) resulted from TiO2 NP and BP 
exposure. Each data point represents the mean ± SD, for 3 or 5 replicates (plantlets were combined 





Figure 3.4. One-way ANOVA with Tukey’s post test analysis of Ti concentration in the root (left) and 
shoot (right) after exposure for 9 weeks. Data are expressed in mean ± SD, N=5. Values for bars 






Figure 3.5. Production of H2O2 in O. sativa shoot after staining by DAB. Plants were exposed to TiO2 
NPs and BPs for 24 h and observed under optical microscope. 5-7 independent leaves were observed 






Figure 3.6. Content of (a) superoxide dismutase (SOD), (b) ascorbate peroxidase (APX), (c) catalase, 
(CAT) and (d) peroxidase (APX) in O. sativa whole plant extracts. Plants were exposed to TiO2 NP 
and BP suspensions for 24 h and control plants were exposed to distilled water for equal time. 
Extraction of enzymes was performed at the end of first week. Each bar represents the mean ± SD of 
four replicates. Differences were significant at p ≤0.05 (*) and p ≤0.001 (***) according to Holm-





Figure 3.7. Oxidatively-induced DNA base lesions (8-OH-Gua, 5-OH-5MeHyd, and 8-OH-Ade) did 
not accumulate after in rice plants exposed to either 5 mg/L or 50 mg/L TiO2 NPs and BPs. All data 
points represent the mean of 4 or 5 independent measurements. Uncertainties are standard deviations.  
The positive control was calf-thymus DNA. Asterisks indicate statistically significant results 
compared to the control samples using one-way Analysis of Variance (ANOVA) followed by 






Table 3.1. Hydrodynamic diameter (size) of TiO2 nanoparticles in Milli-Q water before and after plant 
exposure.  
 














TiO2 NP  
5 mg/L 
176.6±2.0 0.193±0.009 198.5±14.1 0.143± 0.027 363.3±23.5 0.276±0.011 
TiO2 NP  
50 mg/L 



























5 mg/L TiO2 BP
50 mg/L TiO2 BP
control
5 mg/L TiO2 NP













































Table 3.2. Bioconcentration factors (BCF) and transfer factors (TF) of Ti in rice plants under TiO2 
nanoparticles and bulk particles exposure.  
Plants treated 
with TiO2 
Bioconcentration factors (mL water/g plant tissues) 
Transfer factor 
shoot root 
week 1 week 4 week 9 week 1 week 4 week 9 week 1 week 4 week 9 
BPs 5 mg/L 0.65 0.69 0.92 43.05 25.36 20.36 0.015 0.027 0.045 
BPs 50 mg/L 0.12 0.18 0.12 11.68 8.01 4.00 0.010 0.023 0.030 
NPs 5 mg/L 4.65 2.94 2.03 173.52 154.84 63.07 0.027 0.019 0.032 














IMPACT OF MULTIWALL CARBON NANOTUBES ON THE ACCUMULATION AND 




Pre-existing pharmaceutical residues in soils might encounter engineered nanomaterials, resulting in 
poorly understood co-contamination interactions in agricultural systems. In this study, the bioaccumulation 
and translocation of the pharmaceutical residue carbamazepine (100 µg/L) in collard greens (Brassica 
oleracea) was evaluated upon concurrent exposure to pristine or carboxyl-functionalized multiwall carbon 
nanotubes (pCNTs or cCNTs) at 50 mg/L under hydroponic exposure (28 d) and at 0.5 mg/g in soil-grown 
conditions (42 d). Growth inhibition of B. oleracea was dependent on carbamazepine concentrations under 
hydroponic conditions. pCNTs at 50 mg/L (alone) had no impact on plant growth and cCNTs increased 
total biomass by 25%. Upon joint exposure to the pharmaceutical and CNTs, no impact on the growth of 
soil-grown plants was noted. Without the presence of CNTs, B. oleracea  accumulated and translocated 
significant amounts of carbamazepine, reaching 2099 µg/kg (leaf) and 86 µg/kg (root) in hydroponic plants, 
and 2703 µg/kg (leaf) and 309 µg/kg (root) in soil-grown plants, respectively. The co-exposure of carbon 
materials (pCNTs, cCNTs and activated carbon) significantly suppressed carbamazepine accumulation in 
both hydroponics and soil. In hydroponics, leaf carbamazepine concentrations were decreased 
approximately 21%, 41% and 93% by pCNTs, cCNTs and AC, respectively; in soil, root carbamazepine 
content was suppressed 29%, 53% and 89% by pCNTs, cCNTs and AC, respectively. In general, the 
adsorption capacity of the carbon materials correlated well with  the suppression of carbamazepine uptake 
under hydroponic and soil exposure. The results also suggest that functionalization of CNTs enhanced 
carbamazepine translocation potential in soil-grown B. oleracea and significantly affected nanomaterial\co-
contaminant interactions as compared to its pristine analog. These findings show that the presence of CNTs 
in agricultural systems may significantly affect the bioavailability and translocation pattern of coexistent 





Engineered nanomaterials (ENMs) are incorporated into a wide variety of commercial products in the 
sectors as diverse as information technology, biological and environmental science, energy sources, 
material science, medicine and others (Chen et al. 2013). As one of the top 10 nanomaterials in global 
production, multiwall carbon nanotubes (CNTs) have attracted great interest because of their extraordinary 
characteristics, including unique electronic properties, high thermal conductivity and exceptional stiffness, 
strength and resilience (Thostenson et al. 2001; Keller et al. 2013). Concurrently, information focused on 
the release of various ENMs into the environment have aroused concerns of the general public (Benn and 
Westerhoff 2008; Köhler et al. 2008; Kiser et al. 2009; Nowack et al. 2012; Deng et al. 2014). In addition, 
there is general consensus in the scientific community that our understanding of nanomaterial fate and 
effects in the environment is inadequate. Without addressing these critical knowledge gaps, the sustainable 
use of ENMs and the ability to accurately characterize associated risk will remain elusive.  
In recent years, concern over the ecological risks of nanomaterials had expanded from direct effects on 
biota to also include the impact on co-existing contaminant fate and effects. Adsorption studies have shown 
that CNTs affect the fate and transport of sorbed organic contaminants in the environment, which may 
subsequently change bioavailability and toxicity (Yang and Xing 2010). For example, single-walled CNTs 
(average diameter 2.4 nm) exhibited high adsorption capacity for phenanthrene and reduced toxicity of the 
residue to algae (P. subcapitata); the presence of other four multiwall CNTs presented no significant effect 
on phenanthrene toxicity (Glomstad et al. 2016). In another study with diuron, the presence of CNTs 
reduced the adverse effects of the herbicide on green algae Chlorella vulgaris, but when based on dissolved 
diuron concentration alone,  diuron in the presence of CNTs more significantly inhibited  photosynthetic 
activity (photosystem II) and yielded enhanced toxicity (Schwab et al. 2012). In addition, previous studies 
have revealed that CNTs may penetrate cell walls and membranes, raising the possibility of these materials 
serving as molecular transporters and consequently affecting contaminant bioaccumulation (Liu et al. 2009; 
Serag et al. 2011). Although concerns over CNT impacts on co-contaminant fate in terrestrial systems are 
significant, relatively little work has been done in this area. Petersen et al reported decreased pyrene 
accumulation ( 25-50%) by earthworms (Eisenia foetida) in two soils amended with 3.0 mg/g CNTs 
(Petersen et al. 2009). Wild et al reported that in wheat roots exposed to multiwall CNTs,  root cap cells 
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pierced by the nanomaterial accumulated phenanthrene approximately 50% faster than roots without CNTs 
(Wild and Jones 2009). In another study with four agricultural species, multiwall CNTs were found to 
decrease the accumulation of the weathered pesticides chlordane and DDx (DDT + metabolites) from soil 
in a dose-dependent fashion (De La Torre-Roche et al. 2013). It is clear that the literature on nanomaterial 
co-contaminant interactions is both limited and contradictory; without a further understanding of these 
processes through significant additional investigations, an accurate assessment of nanomaterial risk in 
terrestrial systems will not be possible. 
This study focused on co-contamination between carbon nanotubes and a model pharmaceutical 
compound in a model agricultural system. Carbamazepine was chosen as a representative pharmaceutical 
residue because of its frequent detection in water bodies (Benotti et al. 2009). Carbamazepine was also 
found to persist upon transfer through a waste water treatment plant (WWTP); the residue was detected in 
WWTP effluents up to 0.95 µg/L and in biosolids at 281.2 µg/kg (Drewes et al. 2002; Metcalfe et al. 2003; 
Miao et al. 2005). It has also been reported that carbamazepine would irreversibly bind to soil and therefore 
exhibit low leaching potential (Williams et al. 2006; Navon et al. 2011).  In addition, carbamazepine has a 
moderate octanol-water partitioning coefficient (Log Kow 2.45) and will remain non-ionic under soil 
conditions (pKa 13.4); as such, the residue has a significant potential to accumulate in plants through 
biosolids application or reclamation of treated water (Nghiem et al. 2005; Wu et al. 2012). 
In this study, collard greens (B. oleracea) were exposed to carbamazepine in the presence of CNTs 
under hydroponic and soil-grown conditions. In hydroponics, B. oleracea was tested with 100 µg/L 
carbamazepine and 50 mg/L pristine or carboxyl-functionalized multiwall CNTs (pCNTs or cCNTs) in 
Hoagland solution for 28 d. In soil, B. oleracea was exposed to 0.5 mg/g CNTs in soil and concurrently 
exposed to 100 µg/L carbamazepine through watering for 42 d. To assess the effect of carbamazepine-CNTs 
interactions on B. oleracea, biomass was monitored under all conditions and carbamazepine 
bioaccumulation was determined through high-resolution LC-MS/MS. The adsorption of carbamazepine 
onto CNTs was also evaluated under abiotic conditions. The results of this study will further our 
understanding of the interactions between nanomaterials and organic contaminants in an agricultural system 
and provide critical information concerning food safety and overall risk from the presence of nanomaterials 
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in the environment.   
 
4.3 Experimental Section  
4.3.1 Chemicals and Plant 
Pristine carbon nanotubes (pCNTs; 95% purity, < 8 nm o.d., 2-5 nm i.d.; 10-30 µm length, specific 
surface area/SSA 500 m2/g) and carboxyl-functionalized carbon nanotubes (cCNTs; 95% purity, < 8 nm 
o.d., 2-5 nm i.d.; 10-30 µm length, SSA 500 m2/g, 3.8% COOH groups) were purchased from Cheaptubes 
(Brattleboro, VT). A Zetasizer (90Plus, Brookhaven Instruments Corp., Holtsville, NY) was employed to 
characterize the CNT suspensions for hydrodynamic diameter and zeta potential. The two CNTs were 
dispersed in 1/2 strength Hoagland solution at 50 mg/L and were sonicated with a probe sonicator (Misonix 
S-4000, Farmingdale, NY, USA) at a delivered power of 50 W and in 80% pulsed mode for 30 minutes 
before analysis. Not surprisingly, significant aggregation occurred in solution. The average particle 
diameter and surface charge of pCNTs in the solution were 3380 nm and -6.8 mV (pH = 6.5), respectively; 
cCNTs had a hydrodynamic size of 1600 nm and was more negatively charged with a zeta potential of -
25.9 mV. The homogeneous dispersion of cCNTs was facilitated with electrostatic repulsion; conversely, 
pCNTs in solution were less stable with an observable settling of undispersed CNTs after 24 h. Since 
activated carbon (AC) is commonly used as a conventional adsorbent, a commercial AC from Fisher (Norit, 
neutral, decolorizing, SSA 1380 m2/g (Menéndez et al. 1995)) was used as a control for carbon 
nanomaterials. Carbamazepine (purity 99%) was purchased from Acros Organics (New Jersey, USA). A 
standard of isotopically labelled carbamazepine (D10, 98%) was purchased from Cambridge Isotope 
Laboratories (Tewksbury, MA). Other reagents and solvents used during plant culture and vegetation 
extraction work were of analytical reagent grade. The collard greens (Brassica oleracea, var acephala, 
“Georgia”) seeds were obtained from Burpee Garden Products Co (Warminster, PA). Seeds were 
germinated in vermiculite for 5 days before transplanting into hydroponic or soil systems for the exposure 
assays (described below).   
 
4.3.2 Selection of Fixed Exposure Concentrations  
To limit the experimental matrix in the co-exposure assay, carbamazepine and CNTs were tested at 
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fixed concentrations that were chosen based on both the literature and preliminary investigations. Nominal 
CNTs concentrations of 50 mg/L in the hydroponic experiments and 0.5 mg/g in the soil experiments were 
selected in accordance with concentrations commonly used in previous exposure studies (Canas et al. 2008; 
Lin et al. 2009; Khodakovskaya et al. 2013). To determine the optimum carbamazepine concentration, B. 
oleracea were cultivated in nutrient solution containing carbamazepine at 0.1, 0.5, 1.0, 5.0 or 10 mg/L, 
with or without 50 mg/L pCNTs. With increasing carbamazepine concentrations over 1 mg/L, B. oleracea 
exhibited overt phytotoxicity, including crinkling, mottling and chlorosis at leaf margins; notably, these 
effects more severe without CNTs co-exposure. To avoid phytotoxicity, carbamazepine was therefore 
prepared at 100 µg/L in nutrient solution or irrigation water for the exposure assays. This concentration is 
also environmentally relevant (Drewes et al. 2002; Metcalfe et al. 2003; Miao et al. 2005) and within the 
range of 1.0-232.5 µg/L used in other carbamazepine uptake tests (Herklotz et al. 2010; Wu et al. 2010; 
Shenker et al. 2011).  
 
4.3.3 Co-exposure Assay in Hydroponics  
The hydroponic experiments were conducted in a greenhouse, with controlled temperature regime (24 ºC 
day /20 ºC night), and 4 h supplemental lighting (PAR source, 400 μmols·m-2·s-1). Two hundred ml glass 
jars were wrapped with aluminum foil to avoid light exposure to the media and the roots. Containers were 
connected with a commercial air pump (EcoPlus) through equal multi-outlets. The aerator constantly 
provided oxygen to roots and maintained CNTs suspension. Plant growth media was a modified Hoagland 
solution with adjusted pH to 6.5. CNTs and activated carbon were added to the nutrient solution at 50 mg/L 
and were dispersed with the aid of ultrasonic probe sonication at 75W for 30 min (Misonix, Farmingdale, 
NY) shortly prior to use. Uniform seedlings were transplanted into the hydroponic jars containing the 
following solutions: 1) negative control (no carbamazepine, no CNTs); 2) carbamazepine alone; 3) cCNTs 
alone; 4) pCNTs alone; 5) carbamazepine + cCNT; 6) carbamazepine + pCNTs; 7) carbamazepine + AC. 
One jar was planted with one seedling and there were 7 replicates in each treatment. The growth media 
with/without contaminants was replaced every 7 d. During the replacement, the plant was rinsed with 
distilled water while the container was emptied and refilled with freshly prepared growth media 
with/without contaminants. The B. oleracea were exposed for 28 d before harvest.  
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The quantification of carbamazepine adsorption on CNTs in Hoagland’s solution was determined at 
conditions approximating the above-described exposure experiments. To assess the carbamazepine and 
CNTs interactions without B. oleracea, the containers were replaced with well-sealed 80 ml glass bottles. In 
80-ml jars, the nutrient solution was initially mixed with 100 µg/L carbamazepine and 50 mg/L CNTs. The 
aqueous phase was sampled at 2, 6, 12, 16, 24, 72 and 144 h. Similarly, to assess the effect of plant 
presence on carbamazepine-CNTs interactions, another group of 80 ml glass bottles were planted with 
seedlings. Though nutrient solution consumption of B. oleracea was negligible in first 24 h, the volume 
was monitored by weighing the containers every 8 h and the containers were restored to initial conditions 
with distilled water. The aqueous phase in the presence of plants was sampled at the intervals mentioned 
above.  
4.3.4 Co-exposure Assay in Soil  
A Hadley sandy loam soil (50% sand, 45% silt, 5% clay; 4.8% organic matter; pH 5.9; cation 
exchange capacity 11.4 cmol/kg) was collected from the University of Massachusetts Agricultural 
Experiment Station Farm. Each glass jar (120 ml) contained 40 g soil amended with 10 g vermiculite. The 
two CNTs or activated carbon were separately added to the soil at 0.5 mg/g in forms of dry powder and the 
jars were shaken vigorously overnight to maximize homogeneous mixing. Carbamazepine at 100 µg/L was 
applied through the irrigation water; all replicate jars received equal volumes so as to ensure an identical 
dose. When particular replicate was close to dehydration, a small amount of carbamazepine-free water 
(approximately 20-60 mL) was added. Throughout the exposure, 600 mL carbamazepine-amended water 
was used for irrigation, equating to 60 µg nominal carbamazepine application into soil and a final 
concentration of 1.2 mg carbamazepine/ kg soil. There was one seedling per jar and 7 replicates per 
treatment. Similar to the hydroponic experiment, the treatments were 1) negative control; 2) carbamazepine 
alone; 3) cCNTs alone; 4) pCNTs alone; 5) carbamazepine + cCNT; 6) carbamazepine + pCNTs; 7) 
carbamazepine + AC. Plants were harvested after 42 d. 
 
4.3.5 Harvest and Vegetation Extraction 
At harvest, B. oleracea tissues were weighed and rinsed with running distilled water for 10 min. Small 
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amounts of leaf tissue were used for chlorophyll and anthocyanin content determination. Leaves and roots 
were separated and extracted according to a modified QuECHeRs protocol for carbamazepine 
determination (Eitzer et al. 2014; Krol et al. 2014). Generally, chopped plant tissues were amended with 
internal surrogate D10-labelled carbamazepine and were extracted with acetonitrile. After agitation and 
centrifugation, a portion of the acetonitrile was further purified with solid phase dispersants. The extract 
was subsequently concentrated through TurboVap® II concentration workstation (Biotage).  
An additional experiment was conducted in which the regular washing was replaced with surfactant 
washing assisted with sonication (sodium dodecyl benzene sulphonate, SDBS, 0.5%, 30 min). SDBS was 
chosen from preliminary tests and due to its reported high ability to suspend CNTs among ionic surfactants 
(Moore et al. 2003). Individual roots (extra samples from harvest) were divided in half and were treated 
separately with regular washing and surfactant washing. The root samples after the two different washing 
procedures were further extracted according to the abovementioned method.  
 
4.3.6 Chemical Analysis 
A 100 mg/L stock of carbamazepine in toluene was diluted to prepare calibration standards of 10-1000 
µg/L. Each standard was amended with 250 µg/L D10-labelled carbamazepine as an internal standard. 
Liquid samples and plant tissues extracts were analyzed through an Agilent (Santa Clara, CA) 1200 Rapid 
Resolution liquid chromatograph system coupled to a Thermo (West Palm Beach, FL) Orbitrap High-
Resolution mass spectrometer with an electrospray interface used in positive ionization. Chromatographic 
separation was achieved with a Zorbax SB-C18 Rapid Resolution HT column using a 3 μL injection and a 
flow rate of 0.25 mL/min. After a 1 min hold at 1% methanol in water, there was a 5 min gradient to 95 % 
methanol in water followed by a 3 minute hold. Carbamazepine was quantified using a 4 ppm window 
around the m/z =237.1022 (M+H)+ ion and confirmed with a m/z= 194.0963 fragment ion.  The D10 
internal standard was monitored using the m/z = 247.1650 (M+H)+ ion.  Both the labeled and unlabeled 




4.3.7 Statistical Analysis 
The data are presented as mean ± the standard deviation (SD). Where appropriate, a one-way ANOVA 
(biomass data) or two-way ANOVA (uptake data) followed by Tukey’s test was used. Comparisons were 
considered significantly different at p < 0.05. 
 
4.4 Results and Discussion 
4.4.1 Growth Response of B. oleracea  
The growth of B. oleracea was monitored during hydroponic and soil-based growth under a range of 
CNT and carbamazepine exposure conditions. Chlorophyll (a, b and total), flavonoid and anthocyanin 
content were analyzed and were found to not be significantly different across all treatment and growth 
conditions.   
Under hydroponic conditions, plant biomass was affected as a function of treatment (Table 4.1). In the 
presence of carbamazepine only, B. oleracea biomass decreased by 25% at the highest exposure 
concentration (10 mg/L). However, overt visible damage at the leaf margins and modified morphology was 
evident at concentrations as low as 1 mg/L. Similar phytotoxic effects in Cucumis sativus L. (cucumber) 
were also only observed at high carbamazepine concentrations (>1 mg/L) (Shenker et al. 2011). Upon 
exposure to pCNTs alone, reductions in B. oleracea biomass was mainly evident in the roots; but the total 
plant biomass was not significantly affected at 42 d (Table 4.1, row 1). Previous studies addressing carbon 
nanotube phytotoxicity have produced contradictory findings. With regard to hydroponic conditions, Lin et 
al reported that CNTs (pristine, multi-wall) did not affect root growth of five plant species, including 
Brassica napus (rape), Raphanus sativus (radish), Lactuca sativa (lettuce), Zea mays (corn) and Cucumis 
sativus (cucumber), at concentrations as high as 2000 mg/L (Lin and Xing 2007). However, adverse effects 
from multi-wall CNTs exposure were observed in other studies, including growth inhibition and cell death 
in Amaranthus tricolor (red spinach) at 125-1000 mg/L, decreased biomass on Cucurbita pepo (zucchini) at 
1000 mg/L, and suppressed growth with electrolyte leakage in Amaranthus tricolor, Lactuca sativa and 
Cucumis sativus at 1000 mg/L (Stampoulis et al. 2009; Begum and Fugetsu 2012; Begum et al. 2012). In 
general, CNTs phytoxocity was observed at the higher exposure concentrations. The CNTs level used in the 
current study was only 50 mg/L (hydroponic assay); a lack of overt phytotoxicity from this level of 
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exposure is not suprising. 
We do note that not many studies have addressed CNT toxicity as a function of surface modification. 
Thus, biomass data were compared between two CNTs with a fixed carbamazepine concentration (Table 
4.2).  While pCNTs at 50 mg/L in this study had no significant adverse effect on biomass production under 
hydroponic conditions, cCNTs exposure in the absence of carbamazepine significantly increased leaf 
biomass by 28% and total plant biomass by 25% (Table 4.2). In several previous studies, oxidized or 
functionalized CNTs were also reported to promote plant growth. Mondal et al found that oxidized multi-
wall CNTs stimulated shoot and root growth; the authors suggested the use of oxidized CNTs as a 
beneficial growth promoter (Mondal et al. 2011). Notably, this study lacked a parallel exposure to pristine 
CNTs at identical concentrations. Similarly, root elongation and biomass increases were also reported in 
Triticum aestivum (wheat) treated with oxidized CNTs (Wang et al. 2012). While the underlying 
mechanisms of CNTs surface chemistry effects on plant physiology is unknown, the difference between the 
two CNTs with regards to biomass production in this study could possibly be linked to water transpiration 
differences. In a similar hydroponic study, the cumulative transpiration of water in maize exposed to 50 
mg/L of cCNTs for 18 d was almost twice as much as that in the unexposed and pCNTs-exposed maize 
(Zhai et al. 2015). Khodakovskaya et al reported up-regulation of the water-channel LeAqp2 gene in 
Solanum lycopersicum (tomato) after exposure to COOH-functionalized CNTs (Khodakovskaya et al. 
2011). Villagarcia et al also compared the expression of water channel proteins in Solanum lycopersicum 
exposed to carbon nanotubes functionalized with different groups and observed a strong correlation 
between protein expression and CNTs surface functionalization (Villagarcia et al. 2012). In the current 
study, cCNTs had greater dispersion stability and promoted plant growth, possibly due to enhanced water 
uptake capacity. In contrast, the pCNTs had no distinct impact on plant growth probably because that 
agglomerates were more easily formed and the actual CNTs exposure concentration was lowered.  
In addition to hydropnic exposure under single analyte conditions (carbamazepine or CNTs), plant 
growth was also monitored under the co-exposure scenario. Results from a two-way ANOVA indicated that 
the interaction between carbamazepine and CNTs did not have a significant effect on biomass production. 
However, an adverse effect of pCNTs was observed upon co-exposure with carbamazepine at moderate to 
high concentrations. As noted in Table 4.1, root biomass and subsequent total biomass was significantly 
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decreased under co-exposure with carbamazepine above 1 mg/L.  As such, 100 µg/L carbamazepine was 
applied in the subsequent uptake/co-exposure tests so as to avoid concerns over phytotoxicity.  
In contrast to the hydroponic scenario, leaf, root and total plant biomass in soil were unaffected by any 
of the treatments (Table 4.2). Exposure to carbamazepine or CNTs alone did not result in adverse effects on 
biomass production; similar results were observed for plants grown under co-exposure. In soil, CNTs 
adsorption and attachment to soil particles likely significantly reduced the accessibility of CNTs to root 
tissues. These differential findings based on experimental or exposure conditions highlight the importance 
of evaluating phytotoxicity under conditions of environmental relevance. 
 
4.4.2 Carbamazepine Accumulation through Hydroponic Exposure  
During the 28-d hydroponic exposure, B. oleracea treated with carbamazepine accumulated 
substantial amount of the pharmaceutical into leaf and root tissues, regardless of CNTs co-exposure (Figure 
4.1). The plants from the control group contained no detectable carbamazepine and are excluded from the 
figure. In all treatments except AC co-exposure, carbamazepine accumulation in leaf tissues was 
significantly higher than that in root tissues. Carbamazepine demonstrated exceptional translocation 
potential into the edible portion of the plant. Specifically, in the absence of carbon materials, 
carbamazepine content in the leaf and root tissues were 2099 µg/kg and 86 µg/kg, respectively, with a 
transfer factor of 24.4 (Table 4.3, transfer factor = leaf/root concentration ratio). This high translocation 
potential was also reported in several other plant species, including Capsicum annuum (pepper), Lactuca 
sativa L. (lettuce), Raphanus sativus (radish) and Lycopersicon esculentum (tomato). However, 
significantly greater root retention was noted for Brassica campestris (cabbage) (Herklotz et al. 2010; 
Holling et al. 2012; Wu et al. 2012). We speculated that the conflicting data with cabbage was likely due to 
differences in plant morphology and consequently, different transpiration rates since carbamazepine 
transport is greatly dependent on evapotranspiration (Winker et al. 2010). After uptake and translocation, 
carbamazepine could possibly undergo metabolic transformation within the plant. Based on correctly 
observed exact mass in the high-resolution spectrum and possible metabolic pathways characterized in the 
literature, the major metabolite found in the B. oleracea tissues was suspected to be 10,11-dihydro-10,11-
epoxycarbamazepine (CBZ-EP). Assuming the same response factor, CBZ-EP had an average relative area 
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ratio of 0.08 (leaf) and 0.01 (root) to that of the parent compound, while other suspected metabolites 
presented a significantly lower relative area ratio (<0.005). Oxidized from carbamazepine, CBZ-EP is an 
active primary metabolite and has been previously detected in human urine and Typha spp. tissues (Miao 
and Metcalfe 2003; Miao et al. 2005; Dordio et al. 2011). In addition, the presence of CNTs did not affect 
the relative ratio of metabolized carbamazepine. The results indicated that both carbamazepine and its 
pharmaceutically active metabolite were present in the edible tissues of plants growing from contaminated 
hydroponic media.  
Co-exposure to carbon materials significantly altered carbamazepine accumulation and translocation 
within B. oleracea. As shown in Figure 4.1 (hydroponics), carbamazepine leaf concentrations were 
decreased in the presence of carbon. Compared to carbamazepine only exposure, co-exposure to pCNTs 
and cCNTs reduced carbamazepine leaf content by 21% and 41%, respectively. The activated carbon 
treatment dramatically reduced leaf carbamazepine levels (93%) as compared to controls. Perhaps not 
surprisingly, the carbamazepine root concentration was significantly elevated by carbon co-exposure after 
routine root washing. Specifically, the carbamazepine root concentrations in the presence of pCNTs, cCNTs 
and AC were 6.6, 3.1 and 6.0 times greater than the control. The elevated root carbamazepine levels were 
likely due to the substantial deposition that had previously absorbed the co-contaminant carbamazepine 
prior to root surface association. Even though surfactant washing and sonication removed significant 
amounts of carbamazepine from CNTs-treated roots, the remaining residue content in root was still 
significantly greater than the controls (Figure 4.3). The results showed that more carbamazepine was 
incorporated into roots with the presence of CNTs. However, in general, carbamazepine accumulation in 
both the leaf and the total plant was suppressed by CNTs and AC co-exposure. The transfer factor (TF, 
leaf/root concentration ratio) was calculated using root carbamazepine concentrations from both regular 
washing and surfactant washing. In addition, bioconcentration factors (BCF, concentration in 
tissues/concentration in growth media) were calculated due to the variability in root concentrations (Table 
4.3) but the trend in BCF was similar. The transfer potential of carbamazepine from root to leaf was 
significantly lowered by carbon co-exposure. In particular, the TF was decreased from 24.4 (control) to 2.5, 
3.5 and 0.2 in the pCNTs, cCNTs and AC treatments, respectively. As evident in the root and leaf BCF 
values, root accumulation of carbamazepine was enhanced by carbon co-exposure while the leaf 
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bioaccumulation potential was lowered. Regardless of the difference among carbon material type, the in 
planta distribution pattern of the pharmaceutical was dramatically changed in the presence of carbon 
materials under hydroponic conditions. The pplication of carbon materials could decrease the risks of 
human exposure to select pharmaceuticals through consuming the contaminated edible tissues. With respect 
to optimizing crop protection in contaminated environments, AC may be a better agent than CNTs under 
these growth conditions.  
Although all carbon materials similarly suppressed carbamazepine uptake into leaf in hydroponics, 
there is a distinct difference among pCNTs, cCNT and AC. Since the interaction between carbamazepine 
and carbon materials was predominantly adsorption, the different suppression effect by carbon materials 
could possibly be explained through this process. The kinetics of this molecular process was evaluated in 
planted and un-planted systems (Figure 4.2). In un-planted reactors, the carbamazepine content in the 
nutrient solution declined rapidly (within the first 12 h) in the presence of CNTs and AC, and gradually 
stabilized after 24 h. With B. oleracea seedlings present, carbarmazepine concentrations continued to 
decline after 24 h. In calculating the adsorbed amount Qt, a pseudo-second-order kinetics model was found 
to best represent carbamazepine interaction on carbon materials (regression coefficients above 0.999 for 
three adsorbents), clearly suggesting a process of chemisorption (Ho and McKay 1999). As previously 
reported for multilayer loading, carbamazepine adsorption on CNTs was likely governed by hydrophobic 
interactions and π-π electron-donor-acceptor interactions (Oleszczuk et al. 2009). In comparison to CNTs, 
the conventional activated carbon presented relatively slower adsorption but higher capacity at equilibrium. 
The higher capacity could likely be explained through higher SSA in AC (1380 m2/g) than CNTs (500 
m2/g). The AC used in this study provided a large number of adsorption sites with a well-developed internal 
microporosity and therefore largely reduced the actual exposure concentration of carbamazepine to the 
plants. As a consequence, the leaf carbamazepine concentration under the AC co-exposure was much lower 
than with the CNTs and carbon-free exposure.   
Notably, cCNTs in this study were different from pCNTs with regard to the adsorption capacities and 
the subsequent impact on carbamazepine bioaccumulation. The pCNTs and cCNTs had similar properties, 
including size, length and SSA; the primary exception being the COOH (3.8%) modification. It was 
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showed in Figure 4.2 that cCNTs adsorbed more carbamazepine than pCNTs. The adsorbed carbamazepine 
on pCNTs and cCNTs reached 4.6 and 5.8 mg/g respectively, although we do note that these values may be 
underestimated due to interferences from nutritional salts in solution or to insufficient agitation from 
aeration. The surfaces of pCNTs were hydrophobic and had poor wettability in the growth media; in 
contrast, functionalization of CNTs with COOH groups altered the surface charge and the hydrophobicity. 
These changes resulted from COOH groups further increased adsorption capacity and affinity, likely by 
increasing particle stability with a greater negative charge and with covalent bonding between the COOH 
groups and the carbamazepine amide groups. It is generally recognized that CNT functional groups 
significantly affected adsorption properties (Pan and Xing 2008). However, few studies have further 
connected the adsorption properties of CNTs to their impact on the bioaccumulation of co-existing 
contaminants. In this study, cCNTs had a higher capacity for carbamazepine adsorption and exhibited a 
significantly greater suppression effect on total carbamazepine bioaccumulation as compared to pCNTs.  
With adsorption and uptake data considered collectively, the carbamazepine concentrations in leaf and 
total plants were decreasing with increasing adsorption capacity of the carbon materials; meaning that the 
suppression effect in uptake correlated well with the carbon material adsorption capacity. This finding does 
not align with some published assertions that CNTs could enhance the uptake of adsorbed secondary 
contaminants (Wild and Jones 2009). As reported in a similar hydroponic co-exposure test, phenanthrene 
was accumulated in wheat roots more quickly in the presence of CNTs, likely resulting from nanomaterial-
induced physical damage to the cell wall (Wild and Jones 2009). It was clear in the current study that 
CNTs-bound carbamazepine was carried to the root surface upon tube deposition. Consequently, the 
carbamazepine was more accessible to the root tissue. However, the tertiary interactions between plant root, 
CNTs and carbamazepine did not lead to a higher accumulation of the residue. In fact, as noted above, the 
CNTs resulted in reduced leaf and overall carbamazepine content. The lack of effective CNT transport out 
of the roots is not surprising and has been noted previously; Larue et al. reported a transfer factor of radio 
labelled-CNTs in wheat and rapeseed as low as 4.7×10-6 (Larue et al. 2012). Furthermore, Lin et al 
investigated the accumulation NOM-coated CNTs in rice and noted minimal translocation to aerial tissues 
(Lin et al. 2009). Although the current study did not include an assessment of in planta CNT content, 
indirect results with carbamazepine transport suggest minimal potential. Instead of CNTs penetrating and 
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introducing carbamazepine into plants, greater amounts of the pharmaceutical seem to be retained in the 
growth media or on root surfaces through adsorption on to CNTs. Notably, the increased retention of 
carbamazepine in the root tissues could have significant food safety implications for crops with edible 
tubers or other similar tissues.  
While leaf and total carbamazepine content could be related to the adsorption capacities, the 
carbamazepine root concentrations did not follow the same trend. Instead, root carbamazepine 
concentration was more likely to be affected by the dispersion and sedimentation of carbon materials. In 
comparing the root carbamazepine concentrations, it is clear that the more effectively dispersed cCNTs 
yielded less carbamazepine onto the plant root surfaces than did pCNTs. In control roots exposed to 
carbamazepine alone, surfactant washing removed roughly 18% of the root carbamazepine (Figure 4.3). In 
the presence of the nanotubes, the results show that a relatively large proportion of carbamazepine detected 
in roots could be rinsed off by SDBS with sonication; 80.6% and 75.5% from pCNTs and cCNT, 
respectively. There was no statistical difference in surfactant removal efficiencies between pCNTs and 
cCNTs treatment, but any tube-specific effects may have been masked by the different initial root 
carbamazepine concentrations (initial root carbamazepine from pCNTs was roughly two times of that from 
cCNTs). However, as mentioned above, the presence of CNTs did increase the un-removable fraction of 
carbamazepine in the root (P <0.05), which may suggest that more of the residue was incorporated into root 
cells in the presence of the nanotubes. Although the mechanism of this increased retention is unknown, it is 
possible that cell wall pores were pierced or physically damaged by CNTs presence; evaluating these 
processes is a topic in need of additional study. In summary, it is clear that under hydroponic conditions, 
co-exposure to carbon materials significantly altered the fate of carbamazepine in B. oleracea. 
 
4.4.3 Carbamazepine Bioaccumulation in Soil Exposure 
During the 42 d growth period in soil, replicate B. oleracea plants were watered with equivalent 
amounts of carbamazepine-containing solution, yielding a final nominal dose of 1.2 mg/kg in soil. 
Carbamazepine was found at very low concentrations (0.09 µg/kg) in a small number of the control plants, 
possibly from contamination during watering or handling of plants. The accumulation of carbamazepine in 
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soil-grown B. oleracea is shown in Figure 4.1. Similar to the hydroponic experiment, the leaf 
carbamazepine content exceeded that of the root tissues. The carbamazepine root concentration ranged 
from 82.5 to 309.3 µg/kg and the leaf concentration ranged from 632.6 to 2703.1 µg/kg. Given that direct 
comparison of carbamazepine concentrations in fresh plant tissues may be confounded by the plant mass 
and hydration status in soil exposure, absolute amounts (µg) of carbamazepine into plant tissues were 
calculated by multiplying the fresh tissue mass by the carbamazepine concentration for individual replicates 
(Table 4.4).  
The impact of carbon amendment (CNT and AC) on total carbamazepine accumulation was generally 
similar to that observed in the hydroponic experiment, and was evident as an overall suppression effect 
(Figure 4.1). AC suppressed carbamazepine uptake to the greatest extent in both root and shoot tissues, with 
overall reductions in plant content approaching 75%. Similarly, CNTs-treated plants contained significantly 
lower total carbamazepine levels, with a 27% and 18% reductions observed for pCNTs and cCNTs, 
respectively. When converted to the absolute amount, the significant difference between CNTs and control 
were more evident in leaf, root and total plant content (Table 4.4). Similar to the hydroponic exposure, root 
and total plant carbamazepine content (µg) of soil-grown B. oleracea correlated well with the adsorption 
properties of carbon materials. For example, carbon materials suppressed the root carbamazepine uptake by 
29%, 53% and 89% in co-exposure with pCNTs, cCNTs and AC, respectively. In soil, the mobility of CNTs 
was more restricted than in the hydroponic study, with significant interactions within the heterogeneous soil 
structure; thus, a large proportion of carbamazepine was retained in soil through adsorption. Not 
surprisingly, the BCFs of carbamazepine in soil was lowered comparing to hydroponics exposure (Table 
4.3). 
Comparisons within the two types of CNTs showed that the pCNTs co-exposure resulted in 34% 
higher carbamazepine root uptake (µg) than cCNTs co-exposure (significant at p<0.05). This difference is 
attributable to the higher adsorption capacity resulting from CNTs functionalization. Notably, Hamdi et al 
also reported that the presence of CNTs significantly lowered the pesticide (chlordane and p,p’-DDE) 
availability to Lactuca sativa L. (lettuce) seedlings (Hamdi et al. 2015). Specifically, the authors noted that 
amino-functionalized CNTs had a lower adsorption capability for pesticides than non-functionalized CNTs 
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and consequently resulted in significantly greater levels of pesticide residues in lettuce roots and 
shoots(Hamdi et al. 2015). In this study, evidence from adsorption experiment showed that carbon 
materials with a higher adsorption capacity would present a greater suppression effect in carbamazepine 
uptake and result in a lower carbamazepine accumulation in planta.  
cCNTs did not affect the leaf and total carbamazepine concentrations when compared to the non-
functionalized analog. The difference between pCNTs and cCNTs from soil-grown conditions was less 
significant than observed in the hydroponic experiment. However, the pCNTs and cCNTs modified the in 
planta distribution of contaminant differently. The presence of cCNT in soil resulted in a statistically higher 
root to leaf TF (11.7) than the carbon-free control (8.7), pCNTs (8.5) and AC (7.7). Interestingly, in the 
hydroponic exposure, the cCNTs co-exposure resulted in the highest carbamazepine TF across all carbon 
materials. When co-exposed with functionalized cCNTs, carbamazepine had a greater potential to 
translocate to edible leaf tissues while pCNTs co-exposure tend to retain carbamazepine in the root tissues. 
Although overall carbamazepine content was suppressed by cCNTs, a potential food safety risks remains in 
consuming the contaminated leaf tissues.  The difference between pristine and functionalized CNTs lead us 
to hypothesize that surface modification of CNTs may enhance the biocompatibility of CNTs and promote 
the mobility of secondary contaminant within the plant. The finding that cCNTs enhanced carbamazepine 
transfer factors while suppressing overall accumulation demonstrates that the complex nature of 
interactions of CNTs with coexistent contaminants. Further investigation is required to develop a 
mechanistic understanding of the interactions and to evaluate the risk to food safety.  
Considering data from both hydroponic and soil exposures, carbon amendment into soil generally 
decreased the availability of carbamazepine and the degree of suppression was directly related to the 
adsorption properties of carbon materials. There are numerous studies reporting that activated carbon or 
biochar amendment decreases the mobility and bioavailability of contaminants in soil or sediments, 
including inorganic heavy metals (Zn, Cd) and hydrophobic organic compounds (PCB, DDT and PAHs) 
(Beesley et al. 2010; Uchimiya et al. 2010; Beesley et al. 2011). Thus, the suppression effect of activated 
carbon on carbamazepine uptake in the hydroponic and soil studies is not surprising. However, a 
comparison between conventional AC and carbon nanomaterials is less common, and the available 
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literature on the effect nanomaterial presence on contaminant bioaccumulation is rather limited. With a 
lower adsorption capacity than AC, CNTs in this study were less effective at crop protection in the presence 
of the pharmaceutical residue. However, the adsorption capacity of AC is highly dependent on the 
production/activation process and the specific co-contaminant; CNTs may be more versatile with surface 
modification and improved adsorption properties. Under certain conditions, it is possible that modified 
CNTs may have higher adsorption capacity than AC and could suppress the uptake of contaminant to a 
greater extent. There are a number of studies that have focused on the concurrent exposure of nanomaterials 
and contaminants, although there was no use of activated carbon as a control. De La Torre-Roche et al 
reported that pristine CNTs co-exposure at 500 mg/kg in soil did not affect weathered DDx (DDT + 
metabolites) and chlordane bioaccumulation in species including C. pepo (zucchini), Zea mays (corn), 
Glycine max (soybean) and Solanum lycopersicum (tomato), but that  exposure to 1000 mg/kg or higher did 
significantly decrease contaminant uptake (De La Torre-Roche et al. 2013). As mentioned above, Hamdi et 
al also reported that both non-functionalized but that amino-functionalized CNTs lowered chlordane and 
p,p’-DDE accumulation and the amino-functionalized CNTs produced a more modest suppression effect 
(Hamdi et al. 2015). Conversely, carbon in the form of C60 has been shown to enhance contaminant 
bioaccumulation under certain conditions, including chlordane in soil-grown tomato and soybean, DDx in 
soil-grown zucchini and trichloroethylene in hydroponic poplar (Ma and Wang 2010; De La Torre-Roche et 
al. 2012; De La Torre-Roche et al. 2013). In reviewing the literature, it is clear that the effect of carbon 
nanomaterials on the uptake of co-existing contaminants is highly variable, and the key factors of exposure 
concentration, plant species and nanomaterial type and surface chemistry ultimately control 
bioaccumulation. With interactions specifically involving CNTs, suppression of contaminant uptake in soil 
exposure with CNTs would be reasonably expected, and mechanistically, functionalization would alleviate 
or intensify the suppression effect based on the adsorption capacity of the particular contaminant. In 
environmental relevant scenarios such as soil, the movement of CNTs was; the contaminants bound to 
CNTs were more likely to remain ex planta through adsorption. The bioaccumulation of coexistent 
contaminant was therefore suppressed due to the actual decreased exposure concentrations. 
Functionalization of CNTs may modify physicochemical properties, dispersion stability, adsorption 
properties and biocompatibility; so consequently, the impact on contaminant uptake would be altered. 
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Furthermore, it is worth noting that functionalization of CNTs with COOH significantly improved the in 
planta translocation of co-existing contaminant in soil, although the mechanism remains elusive. Others 
have previously hypothesized that CNTs could penetrate roots and subsequently open path for secondary 
contaminant uptake into cells; this seems to have not occurred in our exposure (Wild and Jones 2009).  
There is limited existing literature showing the low uptake potential of CNTs (Larue et al. 2012). In spite of 
this, the possibility of CNTs uptake could not be fully eliminated and functionalization or surface 
modification may improve the CNTs uptake potential.  
 
4.5 Conclusion 
In summary, this study evaluated B. oleracea growth under a range of co-exposure conditions and 
quantified the bioaccumulation of carbamazepine in the presence of CNTs and AC, addressing concerns 
that carbon nanotubes may affect the bioaccumulation of secondary contaminants. In hydroponic 
conditions, the inhibition of plant biomass production was dependent on carbamazepine concentrations. 
Exposure to 50 mg/L COOH-functionalized CNTs alone enhanced the plant growth. The pharmaceutical 
residues and CNTs in soil had no impact on plant growth. Suppression of carbamazepine uptake in the 
presence of carbon materials was observed in both hydroponics and soil, which was likely due to the 
lowered actual carbamazepine exposure concentration after adsorption to the carbon material and retention 
in growth media. The extent of suppression was correlated with the adsorption capacities of carbon 
materials. The AC used in this study had greater adsorption capacity than the CNTs and therefore decreased 
the contamination of carbamazepine in plant tissues to a larger extent. Interestingly, COOH-functionalized 
CNTs affected plant carbamazepine uptake and distribution differently from its pristine analog, through 
enhanced adsorption capacity, better dispersion stability, and possibly increased biocompatibility. With 
elevated transfer factors observed in cCNTs co-exposure, the carboxylated nanotubes demonstrated the 
potential ability to facilitate xylem-based transport of carbamazepine. Our findings demonstrate that the 
accumulation and distribution of pharmaceutical residues in crops varies greatly with exposure condition 
and the type and surface functionalization of carbon materials. Results presented in this study have 
significant implications for the use of carbon materials in agriculture and towards efforts to ensure crop 







Table 4.1. Fresh biomass (g) of B. oleracea tissues under preliminary exposure of pCNTs, 









Control pCNT 50 mg/L 
 
Control pCNT 50 mg/L 
 
Control pCNT 50 mg/L 
0 µg/L 14.8±1.8 A 13.5±2.6 A 
 
9.2±3.2 A 6.8±1.5 A 
 
24.0±4.3 A 20.3±3.9 A 
100 µg/L 14.0±1.1 A 12.2±2.4 A 
 
6.4±1.6 A 6.3±1.4 A 
 
20.4±2.5 A 19.7±1.3 A 
500 µg/L 12.9±3.3 A 12.8±0.6 A 
 
7.4±1.3 A 6.5±0.8 A 
 
20.3±3.9 A 20.8±0.5 A 
1 mg/L 14.2±2.5 A 14.0±1.4 A 
 
7.6±2.1 A 4.6±0.7 A* 
 
21.8±4.5 A 18.5±1.4 A* 
5 mg/L 13.6±2.1 A 13.3±2.7 A 
 
6.3±0.7 B 3.7±0.7 B** 
 
19.8±2.4 A 17.0±3.6 A* 
10 mg/L 12.5±1.5 A 13.2±2.4 A 
 
5.5±1.5 B 4.3±1.0 B* 
 
18.0±2.7 B 17.5±3.1 A 
a Each data point is the average of 8 individual measurements. Data analysis was performed through Two-way ANOVA with Tukey’s 
test. The interactions between two factors (carbamazepine and pCNTs) were found insignificant. Thus within columns 
(carbamazepine), values followed by different letters are significantly different at p <0.05. Within rows (pCNTs), values marked with 






Table 4.2. Fresh biomass (g) of B. oleracea tissues under exposure of pCNTs, cCNTs and/or 
carbamazepine at fixed concentrations in both hydroponics and soil a 
 
Treatment 
Hydroponics 28 d 
 
Soil 42 d 
Leaf Root Total 
 
Leaf Root Total 
control  7.1±1.4 2.6±0.5 9.7± 2.6 
 
7.8±2.0 2.9±0.8 10.7±2.6 
carbamazepine 7.6±1.4 2.7±0.7 10.3± 3.5 
 
6.9±1.0 2.9±0.8 9.9±1.2 
pCNTs 6.7±2.2 2.3±0.5 9.0± 3.0 
 
7.4±0.9 3.3±0.6 10.7±1.6 
pCNTs + carbamazepine 7.5±1.5 2.7±0.6 10.2± 3.4 
 
6.7±1.4 2.4±0.8 9.1±2.1 
cCNTs 9.1±2.7 * 3.0±0.7 12.1± 3.6 * 
 
6.8±1.3 2.9±0.8 9.7±2.6 
cCNTs + carbamazepine 7.4±2.4 2.7±0.7 10.1± 3.5 
 
6.5±1.2 2.4±0.5 8.9±1.5 
 a Each data point is the average of 8 individual measurements. Data analysis was performed through Two-way ANOVA with Tukey’s 
test. Values marked with asterisks (*) are statistically different from control with * p <0.05. Carbamazepine was applied at 100 µg/L; 










Figure 4.1. Carbamazepine bioaccumulation in tissues of B. oleracea grown with co-exposure of 
CNTs in hydroponics (left) and soil (right). Data are presented as mean ± SD, n=8. Bars with different 

















Figure 4.2. The change of carbamazepine concentrations in nutrient solution spiked with CNTs in one 
week, with B. oleracea seedlings or without plants.  The data without plant was interpreted as 
adsorption kinetics as well and presented in right upper corner. Each data point was averaged from 







Figure 4.3. Carbamazepine concentrations of root under different washing procedure in hydroponics. 
Bars with filled color represent carbamazepine content that could not be rinsed off through 0.5% 
SDBS combined with 30 min water batch sonication (n=4). Accumulated bar values demonstrates the 
carbamazepine concentration determined after 10 min regular washing.  
 
 
Table 4.3. The bioconcentration factors (BCF)a and transfer factors (TF) of carbamazpein in B. 


















carbamazepine only 24.43 (31.24) 0.86 (0.67) 20.99 
 
8.74 0.26 2.25 
pCNTs + carbamazepine 2.49 (12.83) 6.62 (1.28) 16.48 
 
8.49 0.19 1.65 
cCNTs + carbamazepine 3.47 (14.13) 3.54 (0.87) 12.29  11.70 0.16 1.89 
AC + carbamazepine 0.24 6.05 1.48  7.67 0.07 0.53 
a Bioaccumulation factor was calculated based on the ratio of relative uptake of carbamazepine in plant tissues to the 
concentration of carbamazepine fortified in exposure media. 





With CNTs Without CNTs 
Figure 4.4. Hydroponic exposure setup and leaf damages observed in B. oleracea exposed to moderaly 











Table 4.4. Carbamazepine bioaccumuation in absolute amount (µg) in soil-grown B. oleracea tissues. 
 
Treatment  Leaf Content Root Content Total Content 
carbamazepine only 18.77±2.88 A 0.90±0.19 A 19.55±3.11 A 
pCNTs + carbamazepine 12.57±3.30 B 0.64±0.14 B 14.10±2.48 B 
cCNTs + carbamazepine 13.45±1.42 B 0.42±0.16 C 13.86±1.53 B 






SYNTHESIS AND IMPLICATION  
 
The overall goal of my doctoral research was to evaluate the risks of nanomaterials interacting 
with agricultural plants. In particular, the bioaccumulation of ENMs in edible crops may pose direct 
risks towards food safety; the impact of ENMs on plant growth performance was related to the crop 
production; the effect of ENMs on plant accumulating secondary contaminant may uncover previously 
unanticipated environmental changes to the plants with the presence of ENMs. With three main 
projects using the most common nanomaterials and major crops, this study: 1) compared the 
phytotoxicity of ENMs on crops seedlings under short-term exposure, 2) identified the presence of 
particles in rice tissues and quantified the bioaccumulation under long-term exposure; and 3) 
examined the plant uptake pharmaceutical residues with the presence of ENMs in growth media. 
Firstly, in the broad evaluation of eleven nanomaterials (Ag, CuO, TiO2, ZnO, CeO2, SiO2, Al2O3, 
C60, MWCNTs, NH2-MWCNTs and COOH-MWCNTs) on crop seedlings, the two growth parameters, 
biomass and transpiration, were compared based on composition, size, species, exposure 
concentrations and crop species. Through identical experimental setup, the phytotoxicity of the tested 
NPs was roughly categorized into high (CuO and ZnO), moderate (Ag, CeO2 and Al2O3) and low 
(SiO2, TiO2 and all carbon-based NPs). Although CuO and ZnO were recognized as the most 
phytotoxic NPs, their impact on seedling growth was easily confounded with the substantial 
dissolution of NPs. For NPs with moderate phytotoxicity, the growth inhibition induced by NPs was 
the most evidently different from corresponding BPs and ion controls, suggesting the existence of 
size-specific impact. In contrast, TiO2 stood out as an ideal NP for further investigations into size-
specific interactions with plants, due to its relative persistence and low dissolution (Praetorius et al. 
2012). Although seedlings were suspected to be more sensitive to environmental stresses, the tested 
biomass and transpiration rate were only basic and primary indicators for possible toxic effect. These 
results were able to provide a comparable dataset of seedling growth under various NPs. However, 
without thorough examinations into morphological, physiological, genetic and epigenetic levels, the 
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toxic effects of specific NPs and underlying mechanisms will remain largely inconclusive. Therefore, 
the following research part focused on the interactions between TiO2 NPs and rice plants. In addition, 
the elemental analysis of Ag- and CeO2-treated plants well demonstrated higher risks of element 
accumulation under the NP exposure. In regardless to the metal speciation in plant tissues, 
consumption of edible plant tissues growing under metal-based NP-contaminated environment may 
possibly increase the human exposure to metals or metal-based particles. 
In the second research part, the bioaccumulation and impact of TiO2 NPs on rice plants were 
through a long-term hydroponic exposure to low doses of TiO2 NPs. TiO2 NPs, with a primary size of 
27.5 nm, was able to penetrate into the plant, as the presence of TiO2 NPs was visualized and 
identified in root cell cytoplasm by STEM-EDS. The plant also accumulated a significantly greater 
amount of Ti into leaf and root tissues under NP exposure, compared to their BPs, which was 
confirmed by the elemental analysis. While accumulating Ti, the rice plants went through the 
phenotypic and physiological changes to defend possible NP-induced stress. The levels of activated 
ascorbate peroxidase (APX) and catalase (CAT) activities were altered, concomitant with H2O2 
overproduction at seedling stages. The antioxidant enzyme successfully eliminated the excess of H2O2, 
avoiding the potential oxidative damages in cells, which explained no observable oxidatively induced 
DNA base damages as well. As the exposure time increased, the ROS induced by NP exposure 
gradually decreased to normal status (Zhao et al. 2012). And interestingly, the beneficial effect of TiO2 
NPs on plant vegetative growth became noticeable after 4th week exposure. Unexpected enhancement 
in biomass and transpiration of rice plants after long-term TiO2 NPs exposure suggested there were 
two sides of NP’s effect and the long term effect of TiO2 nanoparticles exposure on plant growth could 
not be foreseen through tests in seedling stages. This part of research went further into investigations 
of plant physiological changes to NP stress and nanoparticles in vivo accumulation, with extended 
exposure periods and more environmentally-relevant concentrations.  
In the third part of this study, the interactions of multi-wall CNTs with co-existing 
pharmaceutical residue carbamazepine was examined in both hydroponics and soil exposure. The co-
exposure of CNTs significantly suppressed carbamazepine accumulation into plants, and retained the 
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carbamazepine in the growth media, due to the exceptional adsorption capacities. In general, the 
adsorption capacity of carbon materials correlated with the suppression of carbamazepine uptake 
under hydroponic and soil exposure. The activated carbon used in this study had greater adsorption 
capacity than the CNTs and therefore decreased the contamination of carbamazepine in plant tissues to 
a larger extent. Both pristine and COOH-functionalized CNTs significantly altered the carbamazepine 
uptake and distribution in hydroponical- and soil-grown collard greens. However, functionalization of 
CNTs with COOH enhanced the dispersion stability of CNTs, the adsorption capacity with 
carbamazepine and the biocompatibility with plants. Consequently, COOH-CNTs demonstrated the 
potential ability to facilitate xylem-based transport of carbamazepine, with significantly higher 
carbamazepine transfer factors observed in the treatment of COOH-CNTs. This part of the study 
extended the exposure conditions into soil exposure, involved conventional activated carbon as a 
control and connected the adsorption capacities to the suppression effect of carbon materials. It also 
revealed that the accumulation and distribution of pharmaceutical residues in crops varies greatly with 
exposure condition and the type and surface functionalization of carbon materials.  
With the development of nanomaterials and nanotechnology, the increasing intensity of NPs 
getting into agricultural ecosystem would be reasonably expected in the future. Driven by the urgent 
need to ensure the safe use of nanomaterials in agriculture, this study designated to provide 
fundamental information about NP-crop interactions, for the risk assessment of NPs from the 
perspective of crop protection and food safety. These results discussed in this study collectively have a 
broad environmental significance. In terms of bioaccumulation, uptake of metal-based NPs in plant 
edible tissues was significantly higher than their bulk counterparts and ion controls. Therefore, the 
eventual transmission of metal-based NPs and their derived species through the food chain became 
highly possible. As evidenced by the plant growth in this study, both adverse and beneficial effects 
were observable under different NP exposure conditions; and the NP exposure was responded with 
plant phenotypic and physiological changes differently, comparing to their BPs. The cross-
contamination of NPs with pharmaceuticals addressed the complications with real exposure situation 
in the environment and concluded that the presence of NPs significantly changed the availability and 
 
93 
distribution of co-existent contaminates.  
The implications of ENMs in agro-environment resided in different aspects of the NP-crop 
interactions. And this research recognized the differential interactions of NPs with crops and presented 
the phenomenological observations from multiple conditions, in order to support the development of 
in-depth mechanistic understanding. The evolution from observation to the mechanisms is also the 
current trend in the NP-crop research. However, the diversity of NPs chemical composition, the 
versatility of surface chemistry and the inconsistency among exposure conditions altogether 
contributed to the complications for mechanistic studies. The mechanisms developed from short-term 
and simplified exposure conditions should be tested and verified under more environmentally-relevant 
exposure conditions. Because the crops are susceptible terrestrial plants closely related to food safety, 
the NP-crop research needs to involve more realistic and holistic exposure studies. As such, 
techniques for the NPs quantitative analysis in a complex environmental matrix (e.g., soil, plant 
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